Development of novel calibration strategies for laser ablation inductively coupled plasma mass spectrometry by O'Connor, Ciaran
Loughborough University
Institutional Repository
Development of novel
calibration strategies for
laser ablation inductively
coupled plasma mass
spectrometry
This item was submitted to Loughborough University's Institutional Repository
by the/an author.
Additional Information:
• A Doctoral Thesis. Submitted in partial fulﬁlment of the requirements for
the award of Doctor of Philosophy of Loughborough University.
Metadata Record: https://dspace.lboro.ac.uk/2134/12040
Publisher: c© Ciaran O'Connor
Please cite the published version.
 
 
 
This item was submitted to Loughborough University as a PhD thesis by the 
author and is made available in the Institutional Repository 
(https://dspace.lboro.ac.uk/) under the following Creative Commons Licence 
conditions. 
 
 
 
 
 
For the full text of this licence, please go to: 
http://creativecommons.org/licenses/by-nc-nd/2.5/ 
 
University Library 
•• Loughborough 
., University 
I 
AuthorlFiling Title ........ 9. .. ~.<::..':!..':!..'::.~.{ ..... ::.: ....... . 
.... .................................................. ................................. . 
-, 
Class Mark .................................................................... . 
Please note that fines are charged on ALL 
overdue items • 
. ----, 
I ~3604443 
:1 1111\1 11111\11 I11 \111\ 11111\\ I I 1\\1111\\ ~II 
, 
; . 
! 

----------------------------......... 
Development of Novel Calibration Strategies for Laser Ablation Inductively 
Coupled Plasma Mass Spectrometry 
By 
Ciaran O'Connor 
A Doctoral Thesis 
Submitted in partial fulfillment of the requirements for the reward of the degree of 
Doctor of Philosophy of Loughborough University 
June 2007 
© Ciaran O'Connor, 2007 
U LOllghhOI"Ol!gb '",;,"-:;-/ (}ni "" . . :.'~, .,. ", 1" , 
""Y 
" ......... 
Dnle (lfev , 0 f, 
-.. 
... ~--
Class T 
Acc ~C>'3bo~lf.'f-3 Nu, 
Thesis Abstract 
Thesis Abstract· 
Calibration has been termed the "Achilles heel" of Laser Ablation Inductively Coupled 
Pl!isma Mass Spectrometry (LA-ICP-MS). This is down to the fact that Certified 
Reference Materials (CRMs) do not exist for the majority of sample types and the 
detrimental effects of elemental fractionation and the matrix dependency of the ablation 
process. 
This thesis investigates the potential for two calibration strategies: one based upon the 
online additions' of aqueous calibration standards; the other, upon the pressing of 
powders into discs utilising organic chromophores that absorb at the lasing wavelength 
of 213 nm. Finally, deviations of the above strategies have been devised enabling the 
absolute quantitation technique of isotope dilution to be employed. 
All the strategies investigated have been validated by analysis of a wide range of CRMs 
including: glasses, plastics, metals, soils, sediments and powdered plant matter. 
Throughout this project, useful insights into fundamental ICP and ablation processes 
have been obtained. The online additions strategy allowed investigation into mass . 
loading induced matrix effects, and the relative merits of utilising a wet plasma rather 
than a dry; whilst the pressed powder approach allowed examination of fundamental, 
absorption related ablation processes. 
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Thesis Objectives 
The Valid Analytical Measurement Program 
The analytical measurement is of major economic significance and is essential to 
ensuring quality of life with over £7 billion spent annually on chemical analysis in the 
UK. However, evidence suggests that many analytical measurements are not fit for 
purpose and that poor quality data represent a major cost and risk to business and 
society. 
The Valid Analytical Measurement ry AM) Program helps organisations in the UK to 
. 
carry out analytical measurements competently and accurately. The program enables the 
UK to demonstrate the comparability of analytical measurements with those of its 
trading partners and provides working laboratories with the 'tools' needed to implement 
best practice and demonstrate the reliability and integrity of their results. 
The V AM program is one of the portfolio of programs supporting the development of 
the UK's National Measurement System (NMS). The NMS is the UK's national 
infrastructure and measurement laboratories which delivers world-class measurement 
science and technology and provides traceable and increasingly accurate standards of 
measurement for use in trade, industry, academia, and govemment. 
The VAM program covers the field of 'analytical measurements', which are carried out 
widely by industry, for example, to assure the composition of manufactured products, in 
process control, and in research and development. 
V AM Principles 
The six V AM principles enable organisations to implement best practice and make valid 
measurements. They are designed to control all factors that might affect the reliability of 
analytical results, thereby reducing the cost and risk of unreliable measurements. The 
six principles are: 
1. Analytical measurements should be made to satisfy an agreed requirement. 
2. Analytical measurements should be made using methods and equipment which 
have been tested to ensure they are fit for purpose. 
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3. Staff making analytical measurements should be both qualified and competent to 
undertake the task. 
4. There should be a regular independent assessment of the technical performance 
of a laboratory. 
5. Analytical measurements made in one location should be consistent with those 
elsewhere. 
6. Organisations making analytical measurements should have well defined quality 
assurance procedures. 
Objectives of Research 
Since its development in the late 19th century, mass spectrometry (MS) has become a 
very powerful measurement tool in the laboratory; so much so that it underpins much of 
the V AM work on high accuracy measurements. An important area of V AM research is 
looking at possible industrial applications of modem mass spectrometry techniques. 
One such modem mass spectrometric technique is Laser Ablation Inductively Coupled 
Plasma Mass Spectrometry (LA-ICP-MS). However, the LA analytical process is 
affected by many variables that must be understood and controlled in order to produce a 
robust methodology. For example, calibration has been termed the 'Achilles heel' of 
LA-ICP-MS, namely due to a lack of certified reference materials (CRMs) for the 
majority of sample types. Without these CRMs, calibration is severely hampered by 
elemental fractionation and the fact that ablation rates vary dramatically between 
sample and standard of only slightly differing matrix. 
By working in collaboration with LGC (Teddington, Middlesex, UK) strategies will be 
developed for calibration and validation of LA-ICP-MS, with a view to developing 
chemical standards and reference materials for analysis of solid samples. For the sake of 
clarity, this major objective can be broken down in several smaller aims: 
1. A critical review of the LA literature, with particular emphasis on the factors 
that affect the robustness of the analytical process for quantitative measurement 
by ICP-MS. 
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2. Identification of key sample types where quantitative measurement by LA-ICP-
MS provides benefits over conventional analytical techniques. 
3. Investigation into the performance of LA as a sample introduction device for the 
materials identified above. 
4. A comparison of matrix effects in LA-ICP-MS. 
5. Investigation into methods of sample measurement by LA-ICP-MS to include 
the use of isotope dilution calibration. 
6. Investigation into the coupling of LA to multi-collector instrumentation for 
isotope dilution analysis/isotope ratio measurements. 
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Introduction 
Since the first coupling of an Ar Inductively Coupled Plasma (ICP) and a mass 
spectrometer over twenty years ago, I Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) has become an exceptionally powerful technique for elemental analysis. Due . 
to continuous instrumental and procedural development, the technique is now capable 
of providing accurate and precise measurements of elements across the periodic table, in 
a wide variety of sample matrices at ultra-trace levels. 
Along with the wide range of analytes and sample matrices that the technique can 
handle, ICP-MS has found such widespread use due to its relative speed and simplicity; 
its high sensitivity for the majority of elements and its wide dynamic range. Importantly. 
ICP-MS is capable of providing qualitative and quantitative data, and isotopic analysis 
rather than just elemental analysis, unlike other forms of atomic spectrometry. 
Below follows a general introduction into ICP-MS, with an emphasis on the 
requirements for sample introduction to the ICP using laser ablation (LA). 
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Instrumentation 
ICP-MS instrumentation can be divided into subsystems for the purpose of ease of 
description. The sample introduction system enables transportation of the gaseous, 
liquid or solid sample into the ICP. The plasma source, where vaporisation of the 
sample is followed by atomisation and fmally ionisation to efficiently form the ionic 
species required. The interface region, which enables a 'stepping down' from the 
atmospheric pressures encountered by the ions in the ICP, to the vacuum pressure of the 
analyser and detector. The ion focusing system, which steers and focuses the ion beam 
by a series of electrostatic lenses. The mass analyser where the ions of interest are 
separated from the remaining ion beam and finally the detection system where the ions 
of interest are converted to an electronic signal. Figure I shows a schematic of a typical 
ICP-MS instrument. 
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Figure 1 A schematic of a typical Iep-MS instrument. 
Sample Introduction for ICP-MS 
Detector 
Sample introduction is the principal m~ans by which the analyst can tailor the 
performance of the ICP-MS to particular analytical tasks. Whereas formerly sample 
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introduction was seen as a limiting part of the instrumentation, now it is this aspect that 
brings enormous versatility to the applications of these techniques. Interfaces for solid, 
liquid and gaseous samples have been described and in turn these have been coupled to 
a variety of separation techniques including Gas Chromatography (GC),2-12 Liquid 
Chromatography (LC),2, 5,7,10-33 Capillary Electrophoresis (CE),2,5, 10, 11, 13,25,30,31,34-50 
d I . 13 31 51-69 D I . I' d . fi h ICp· an ge separatIOns. " eve opments III samp e Illtro uctlon or t e source 
have been largely responsible for bringing about convergence between the historically 
separate fields of elemental and organic analysis. 
General. accounts of sample introduction have been provided by several authors 
including, for liquids: Browner,'o-n Montaser,73 Sharp74,75 and Mora; 76 and for solids 
Durrant,77 RUSS078, 79 and Giinther.80-82 
Gaseous Sample Introduction 
The simplest method for introducing the sample into the ICP is via the gaseous phase, 
and this approach offers significant advantages over liquid or solid introduction. Firstly, 
transport efficiency is very close to 100%, which has the obvious effect of significantly 
improving detection limit. This is in contrast to solution nebulisation in which up to 
95% of the sample goes to waste. Secondly, matrix interferences in the plasma are 
almost totally eliminated since the analytes are in the vapour phase and are removed 
from any potentially interfering elements in the sample matrix. Finally, because there is 
no need for desolvation or vaporisation steps within the ICP, the plasma energy is 
devoted to more efficient atomisation and ionisation processes, resulting in improved 
sensitivity and reduced detection limits. 
The major drawback of gaseous sample introduction lies in its limited application. 
Many elements are not easily converted to t~e gaseous phase, but perhaps more 
importantly, the majority of samples naturally occur as liquids or solids. 
Vapour Generation 
Vapour generation is a method by which analytes present in a liquid, or sometimes a 
slurried solid sample, may be mixed with reagents that transform them into a gaseous 
species. The gaseous species may then be swept by a flow of AI gas into the plasma for 
detection. There are several types of vapour that may be produced; for instance, Hg may 
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be reduced to its elemental form by stannous chloride and the Hg vapour produced is 
detected. This technique is usually termed 'cold vapour generation'. The other main 
types of vapour produced are the hydride species, e.g. of As, Sb, Se and Pb, formed by 
reaction with sodium tetrahydroborate (also called sodium borohydride). This technique 
is referred to as hydride generation (HO). 
Vapour generation of analytes into an ICP offers several advantages over conventional 
nebulisation. Since the analyte is transformed into a gaseous state, the advantages 
mentioned for gaseous sample introduction are applied. Inevitably, there are also 
disadvantages associated with sample introduction of gaseous analytes. One 
disadvantage is that different oxidation states of analytes can produce hydrides with 
different efficiencies (e.g. ASIII and As v, with the lower oxidation state preferred). 
Another disadvantage of the HO technique is that the presence of some other metals 
(e.g. platinum group metals or some transition metals, namely Cu or FeIII) in the sample 
may interfere with the HO process. Another drawback of vapour generation is that the 
excess hydrogen produced during the hydride formation process is also swept into the 
plasma, and may cause instability. 
The instrumentation required for vapour generation is fairly minimal. Commercial units 
may be purchased, but effectively, they amount to a p.eristaltic pump, a switching valve, 
a mixing 'T' and a gas-liquid separator. Amore detailed text discussing HO has been 
published by Dedina and Tsalev.83 
Liquid Sample Introduction 
Liquid sample introduction is by far the most common means for introducing the 
sample into the plasma. This form· of sample· introduction achieves excellent 
measurement accuracy and precision as a consequence· of ease of sample handling, 
sample dilution and calibration. The liquid sample is dispersed into a fine 'primary' 
aerosol via the nebulisation process. Many processes have been invoked to produce the 
primary aerosol, but commercially pneumatic nebulisation and ultrasonic nebulisation 
are the only ones that have made significant impact and so the discussion here is 
restricted to these types of device. 
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Since the response of the ICP-MS is affected by the quality of this aerosol stream, a 
spray chamber is generally required to remove larger droplets, to form what is known as 
the 'secondary' aerosol. The cyclonic and the double pass are the most common types 
of spray chamber encountered in liquidsample introduction for ICP-MS and again the 
discussion is restricted to these devices. 
Pneumatic Nebulisation 
A wide variety of pneumatic nebuliser designs have been described, but here the focus 
is on devices that are commercially available and are therefore in widespread use. 
Choosing between the various types depends on the application, but as a general guide, 
best sensitivity and highest signal-to-noise ratio is obtained from concentric designs, as 
shown in Figure 2, with high pressure and/or intermediate/reduced flow e.g. 100 ilL 
min· l . 
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Figure 2 Configuration of a typical glass concentric pneumatic nebulisers courtesy of Meinhard 
Glass Products®. 
Concentric nebulisers are usually constructed of one-piece, fused glass qr polymer e.g. 
perfluoro-alkoxyalkane (PFA), or from sapphire orifices coupled with fused silica 
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capillaries. They come in standard format (as shown in Figure 2), recessed tip variant 
for high solids, micro-flow, high-pressure operation and direct injection. The direct 
injection nebuliser (DIN) dispenses with the spray chamber and injects the aerosol. 
directly into the base of the plasma. This has the advantages of reducing both the dead 
volume, which is useful for high~resolution chromatographic couplings and the area of 
wetted surface which reduces memory effects (e.g. in ultra-trace applications). 84 The 
drawbacks are setting up time and limited tolerance to high dissolved solids, which have 
precluded their widespread application. 
Other popular pneumatic nebulisers include the cross-flow nebuliser and the Babington 
type nebulisers (Cone-Spray75, 85 or v-groove) which are often used for applications 
involving high matrix content and high salt or particulate content. 
Ultrasonic Nebulisation 
Ultrasonic nebulisers (USNs) employ ultrasound waves in the range of 200 kHz - 10 
MHz to provide the energy for droplet production, rather than the gas flow. Thus the 
injector flow can be optimised independently of the droplet production. The waves are 
generated normally to the surface of a piezo-electric crystal, which in analytical devices 
is bonded to a chemically resistant plate (e.g. fused silica), onto which the sample is 
introduced. Waves can only propagate in fluid media given an adequate depth of fluid. 
Therefore, a small but significant depth of liquid has to be created on the surface of the 
plate to allow a geyser to form from which the droplets are produced. This is usually 
. accomplished by pumping the analyte onto the surface through a capillary tube. 
For a 3 MHz crystal the average droplet size is 3 /lm and so transport efficiencies of 
-20% are achieved rising to close to 100% when coupled to a desolvation system. 
Desolvation is essential unless a micro-flow is fed to the plate,49 but stability is more 
readily achieved at higher flow rates. 
The greater efficiency of analyte transport leads to a 10-fold improvement in detection 
limit providing the sample matrix is not complicated.86, 87 However, cost is much higher, 
wash-out times are longer, memory effects can be a problem and precision is lower 
-2 - 3% because ofthe instability of the droplet production process. 
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The Spray Chamber 
The primary function of the spray chamber is to remove the larger droplets from the 
primary aerosol stream and allow only those that can be fully processed by the plasma· 
to remain. The fate of droplets in a spray chamber is determined by: the particle density 
which impacts on droplet coalescence, notably in the near field immediately after the 
nebuliser; the gas flow pattern and the degree to which particles are entrained in it. 
Small particles, <I jlm, are fully entrained in the gas flow and follow its flow paths, 
although they can be lost by Brownian diffusion through the static boundary gas 
. attached to the chamber walls. Larger particles do not equilibrate their velocities with 
the gas flow and therefore tend to intercept on surfaces when the gas flow turns. 
The market is dominated by the double-pass or Scott-type design88 and the cyclonic 
design.89 Generally, the double-pass chamber provides the finest aerosol,9o whereas the 
cyclonic design offers higher efficiency, but with a slightly broader particle size 
distribution.91. 92 Materials are generally, glass, silica or polymer usually PFA. An 
important consideration, particularly for non-wettable surfaces, is to ensure a smooth 
drainage from the chamber without the generation of noise spikes due to pressure 
pulses. 
Desolvation 
Desolvation adds complexity and cost to the sample introduction system and changes 
the characteristics of the plasma.93.96 Without desolvation, the solvent, mostly water, 
dominates the plasma loading and only small perturbations are caused by the sample 
matrix. With desolvation a 'dry' plasma is produced, but variable sample matrix will in 
turn produce varying· plasma. loading.97 Although with MS detection, chilled spray 
chambers (typically 1-5 0c) are commonly used to reduce the vapour loading to reduce 
solvent related interferences, full desolvation should only be used for specific purposes. 
Desolvation is employed to:. reduce the solvent load with high efficiency nebulisers 
such as the ultrasonic design, to improve the transport efficiency and to remove or 
reduce spectral interferences. Desolvation is also employed to produce a dry aerosol for 
calibration in LA experiments in which aqueous calibration standards are desolvated· 
then combined with the aerosol generated by LA of the sample, in a standard additions 
type calibration strategy.98 
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Solid Sample Introduction 
Solid sampling introduces three main advantages over the use of liquid introduction. 
Firstly, the sample preparation time and sample handling· time are reduced which 
minimises the likelihood of contamination from other samples or reagents. Secondly, 
because no solvent is present, a dry plasma results in which molecular. ion spectral 
interferences are much reduced (although one of the findings of this thesis is that there 
are significant benefits to using wet plasmas in some circumstances). Thirdly, some 
solid samples, such as ceramics and precious metals are very difficult to digest or to 
keep in solution for liquid introduction; solid sampling presents a novel solution to this 
problem. Finally, solid sampling techniques are capable of providing data which would 
be near impossible by solution introduction; namely spatially resolved information and 
depth analysis. The major drawback of solid sampling introduction is calibration, which 
is restricted by the lack of CRMs for the majority of sample types. Direct sample 
insertion, electrothermal vaporisation, arc and spark ablation and laser ablation have all 
been used to introduce the solid sample into the ICP. 
Direct Sample Insertion 
Direct sample insertion (DSI) can be used to introduce a solid sample directly into the 
ICP. The solid sample is typically ground into a fine powder and placed onto the tip ofa 
probe which is subsequently directly inserted into the plasma. Typically, the insertion 
probe is made of a material such as graphite, tantalum or tungsten and is guided into the 
ICP via a modified torch in which the injector tube is replaced by a central quartz 
channel. Energy transfer from the ICP results in rapid heating of the insertion probe and 
subsequent vaporisation of the analyte. Since this is a very efficient form of sample. 
introduction, the sensitivity achieved by DSI is extremely high. Acquired data should 
always be time resolved, as differential vaporisation occurs due to: sample matrix 
composition, analyte volatility and other instrumental parameters. 
The technique was reviewed in 1990 by Karanassios and Horiick99 and then again, more 
recently, by Sing. 100 
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Electrothermal Vaporisation 
. Sample introduction by electrothermal vaporisation (ETV) is a method that has evolved 
from atomic absorption (AA) measurements. Instead of direct nebulisation of a liquid 
sample, a small volume ofliquid (10 - lOO ~I), or a few milligrams of solid material, is 
introduced directly into an electrothermal atomiser. The atomiser is then heated 
resistively, by passing an electrical current through it. A ramped temperature program is 
used in which the sample (if it is a liquid) is first dried, and then the temperature is 
raised so that as much of the potentially interfering matrix is removed as possible whilst 
ensuring that the analytes are not lost. Finally, a high-temperature vaporisation step 
follows in which the analytes are removed from the electrothermal atomiser and enter a 
gas stream which transports them to the plasma. It is important to note that atomisation 
is not required in plasma source spectrometry and indeed it is quite difficult to conduct 
reactive free atoms through connecting tubing. Micro-particulates or stable molecular 
vapours are the preferred forms for introduction to the ICP. 
The technique has the advantage of being capable of determining analytes in very small 
volumes of sample (-1 00 ~I), as well as separating them from many potential 
interferences. In addition, transport efficiency to the plasma tends to be very high, 
leading to improved sensitivity and improvements in LOD of at least an order of 
magnitude. However, the procedure is very slow. As well as taking time to weigh (in 
the case of solid samples) the sample into the vaporiser, each of the stages of the 
temperature program requires a finite time. This technique produces a transient signal 
and so, as with LA and chromatography, a sequential scanning optical spectrometer 
may be fast enough to determine only one analyte per injection, and therefore 
simultaneous instruments are preferred. Modern quadrupole mass spectrorneters 
however do have sufficient scanning speed to carry out multi-element scans on signals 
lasting of the order of a few seconds. Since sample introduction is normally by a micro-
pipette, precision is typically 3 - 5% rather than the 1 % normally associated with 
sample introduction using a nebuliser. 
Commercial instrumentation is available, although many laboratories manufacture their 
own vaporisers, often from redundant systems that had been used for atomic absorption 
spectrometry (AAS) measurements. Metal vaporisers may be used instead of carbon and 
- 10 -
Chapter One 
a brief discussion of these has been presented by Nobrega and co-workers 101 whilst a 
good example of the application of ETV-ICP-MS using a metal vaporiser has been 
published by Parsons et al. 102 
Reviews of ETV-ICP-MS have been prepared by Martin-Esteban and SIowikowski103 
and by Vanheacke et al. 104 The analysis of micro-samples, using techniques such as 
ETV as a sample introduction method, has also been discussed recently by Todoli and 
Mermet. IOS 
Arc. and Spark Ablation 
Arc and spark ablation is a process in which a quantity of the solid sample is removed 
by an electrical discharge before entrainment in a carrier gas and transportation to the 
ICP. The technique has recently been reviewed by Gunther.82 The distinction between 
arc and spark ablation arises from the nature and duration of the electrical discharge. A 
spark is defmed as an intermittent electrical discharge that lasts between I llS and 1 ms, 
and is low currentlhigh voltage in nature. Sparks remove only a small fraction of a 
sample and generate ions because of their high energy. An arc, is a more continuous, 
high current/Iow voltage discharge, that generally removes a large fraction of the 
sample. 
Ablation is typically performed in an Ar atmosphere, since this is beneficial to both the 
discharge and the ICP. The sample is transported through connective tubing, either 
directly into the ICP or via a settling chamber to remove larger particulates by 
gravitational settling. 
The major disadvantage of these forms of solid sample introduction is that the sample 
must be, or made to be, electrically conducting. Samples that are not naturally 
conducting must be made so by the addition of a pure conducting material such as 
copper powder or graphite. This sample preparation procedure eliminates the 
. advantages related to minimised sample handling inherent in other forms of solid 
sampling. 
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Laser Ablation 
rn 1985 Gray first realised that the materialp~oduced via LA could be transported to the 
rcp for efficient atomisation and ionisation.106 The analyte ions were detected by MS so 
creating the technique of LA-rCP-MS. Twenty years later, LA is the most versatile solid 
sampling technique for rCP-MS, and the general principle of the technique has not 
changed. To avoid repetition the reader's attention is diverted to Chapter 2 which 
describes the technique of LA-rCP-MS in greater detail. 
The Plasma Source107 
The rcp has long been recognised as a good source of ions due to its high temperature, 
in the vicinity of 7000 K. This enables the analysis of the vast majority of the elements 
within the periodic table, since most elements are ionised in the plasma to some extent. 
The basic components used to generate and sustain the rcp are: a plasma torch, a radio 
frequency (RF) power supply, a RF coil and a supply of plasma gas. 
The Plasma Torch 
The plasma torch consists of three concentric tubes commonly constructed from quartz, 
known as the outer, middle and sample injector. The tubes can either be connected in a 
one-piece design or a demountable design in which the outer and the middle tubes are 
separate to the sample injector. The plasma gas, usually Ar, flowing at around 12 - 17 L 
min- I , passes between the outer and middle tubes, whilst a second Ar gas flow of around 
1 L min- I passes between the middle tube and the sample injector. The purpose of this 
secondary gas flow is to change the position of the base of the plasma, relative to the 
location of the middle tube and the sample injector. It is the third gas flow through the 
sample injector, of around I L min-I , that carries the sample aerosol from the sample 
introduction system and physically 'punches' a hole through the rcp to form the central 
channel. The plasma torch is mounted horizontally and positioned centrally between the 
q 
RF coil, approximately 10 - 20 mm from the sample cone. 
Plasma Generation and Plasma Properties 
Ar flows tangentially between the outer and middle tubes of the plasma torch. A load 
coil, typically of copper, connected to a RF power supply, surrounds the top-end of the 
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torch. When RF power is applied to the coil, a current oscillates within at a frequency of 
27 or 40 MHz, corresponding to the frequency of the RF generator. This oscillation of 
current within the coil induces a large electromagnetic field to be set up in the top-end 
of the torch. A high voltage spark is applied to the Ar, inducing the removal of electrons 
from some Ar atoms. These electrons are subsequently accelerated in the· intense 
magnetic field leading to ionisation of further Ar atoms by collision. This collision 
induced ionisation continues in a cascade effect forming an inductively coupled plasma 
discharge. The plasma discharge is maintained within the torch and RF coil by a 
continued supply of RF energy by the inductive coupling process. Now that the plasma 
has been formed and can be sustained; it is ready for the introduction of the sample 
containing gas flow through the sample injector. 
It is important to understand the different heating zones and regions of the ICP in order 
to explain the processes of sample vaporisation, atomisation and ionisation. The regions 
of the ICP are shown in Figure 3. 
Preheating zone 
Normal analytical zone Sample injector 
Middle tube 
000 
. 
Initial radiation zone 
Figure 3 The heating zones of an ICP discharge. 
The sample aerosol containing gas flow is introduced into the ICP via the sample 
injector tube. As this gas flow exits the injector tube it is traveling at such a velocity that 
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it physically punches a hole through the centre of the ICP discharge. The sample 
undergoes a number of physical changes as it passes through the preheating zone and 
radiation zone, before it finally emerges as positive ions in the normal analytical zone. 
Generally, when a nebuliser and spray chamber is employed, the analyte elements will 
be in the form of metal salts in droplets of solution. The first step is desolvation of the 
droplet. Once the solvent molecules have been stripped away, small, solid particulates 
exist. These particulates move further into the plasma and particulate shrinking occurs 
as vaporisation of the particulate is achieved. The· next steps are atomisation into 
discrete, ground state atoms, followed by ionisation via a collisional ionisation 
mechanism with electrons, principally derived from the AI plasma gas. 
The Interface Region108 
The major problem encountered in the mid 1980s regarding the development of ICP-
MS was the efficient extraction of the ions from the ICP, at atmospheric pressure (760 
Torr), into the mass analyser at vacuum pressure (10.6 Torr). 
Description of the Interface 
The ion extraction problem was eventually solved by 'stepping' down from atmospheric 
pressure to vacuum iJ?- two steps rather than one, in a complex interface region. Figure 4 
is a schematic of the interface region, showing the processes involved at each stage. The 
first step is to pass the ions through an orifice in a metal disc, of approximately 1 mm. 
This metal disc is known as the sampler cone and is usually constructed from Ni, 
although AI, Cu or Pt are sometimes used. The region behind the sampler cone is known 
as the expansion region and is maintained at a pressure of around 2 Torr with the use of 
a rotary pump. Gas flow through the sampler orifice has been estimated to be as large as 
1 - 2 L min-1 since approximately 100% of the sample carrier gas passes through. 
Shortly after passing through this orifice, the gas reaches supersonic velocities as rapid 
adiabatic expansion occurs, forming a region known as the zone of silence; this rapid 
expansion gives the ions a forward velocity. 
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«('-- Expansion region - 2 Torr --');'I~ Atmospheric region - 760 Torr -7 
Skimmer cone 
Figure 4 A schematic of the interface region. 
About 1 cm behind the sampler cone lies a second cone, known as the skimmer cone. 
Similar to the sampler, this cone is constructed from Ni, although AI, Cu or Pt have also 
been used, the main difference being that it is often more tapered with a smaller orifice 
around 0.5 mm. The function of this secondary cone is to 'skim' the plasma, allowing 
approximately 1 % of the sample through its orifice and into the vacuum region of the 
instrument. 
Ion Focusing and Steering 
The role of the ion focusing system is to transport as many analyte ions from the 
interface region to the mass analyser, whilst rejecting as many of the matrix or non-
analyte species as possible in the attempt to minimise space charge effects. 'Space 
charge effects' is the term used to describe the defocusing effect of large quantities of 
matrix ions, particularly when the matrix ions are heavier than the analyte ions. A 
secondary role, but just as crucial, is the removal of neutral particulates, neutral species 
and photons from the ion beam which would reduce system performance by signal 
instability and increased backgrounds. 
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The lens system 
Ion focusing is achieved by employing a series of electrostatically controlled, metallic 
plates, barrels or cylinders that focus the ion beam into the desired shape and steer the 
ion beam by electrostatic interaction into the mass analyser. Quadrupole instruments 
require a natural circular ion beam to function optimally; whereas sector instruments 
require a rectangular beam shape which can be achieved using supplementary lenses. 
Many instruments possess an extraction lens that sits just behind the skimmer and 
electrostatically extracts the ions from the interface region. This extra lens has the effect 
. of increased ion transmission, particularly for lower mass ions which would otherwise 
be pushed from the ion beam due to space charge effects. 
The Mass Analyserl08, 109 
This section of the instrument is where the ions are separated according to their mass-
to-charge ratio (m/z) and is therefore responsible for mass discrimination. The mass 
analyser sits between the ion optics and the detector and is typically maintained at a 
vacuum of 10.6 Torr to minimise the ion energy spread caused by collisions with gas 
molecules. 
Several types of mass analyser have been utilised in ICP-MS including the quadrupole 
which was the first mass analyser used in ICP-MS in 1983. Problems encountered with 
analysis of difficult ions and difficult sample matrices led to the development of further 
mass analysers for ICP-MS such as the Magnetic Sector Analyser (MSA), the 
Electrostatic Sector Analyser (ESA), and the Time of Flight (TOF). 
The Quadrupole Mass Analyser 
The quadrupole was historically the first analyser used in ICP-MS instruments and to 
this date is still the most common, found in over 90% of all ICP-MS produced. 
Quadrupole technology is considered to be very mature and robust. 
. The analyser consists of four identical rods of stainless steel or molybdenum; often with 
an anti-corrosion ceramic coating, arranged in a perfect square arrangement as shown in 
Figure 5. Ideally, the rods are hyperbolic rather than circular in shape, of 15 - 20 cm in 
length and around I cm in diameter. Pairs of opposing rods are connected together 
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electrically to a combination of RF and Direct Current (DC) electrical supply. Ions enter 
the region between the four rods with a low velocity, such that as they pass through the 
rods they are affected by the RF oscillations. The more oscillations to which an ion is 
subjected to, the greater the achievable resolution. In order for the quadrupole to act as a 
mass filter and allow only ions of a particular mlz to pass through, a calculated value of 
DC plus RF must be applied, leading to a region of stability through which only the 
selected mlz can pass. The ratio between DC and RF is usually maintained constant at a 
fixed RF frequency. In this scenario, ions of the selected mass are subject to a few 
oscillations, but will exit from the ends of the rods. Ions of higher or lower mlz will 
, 
either impact with the rods or pass through the spaces between them. 
Ion path 
'V 
-(U + Vcosrot) 
Figure 5 A schematic of a quadrupole mass analyser. 
Since the quadrupole can only allow ions of one mlz to pass through for a given set of 
RF and DC voltages, it can only act as a sequential analyser. However, quadrupole 
instruments are considered to be fast sequential and are thus more than capable of 
handling the fast transient peaks encountered during laser ablation analysis. Settling 
times between mass jumps is typically between 0.1 - 2 ms, although these times are 
reducing with technological development. Employing a dwell time of 8 to 20 ms allows 
efficient use of the mass analyser, enabling 100 intensity recordings per second. The 
number of sweeps per second is dependent upon the number of isotopes at which data is 
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acquired; a greater number of isotopes results in fewer overall possible sweeps per 
second. 
Magnetic Sector Mass Analyser 
Magnetic sector analysers were historically the fIrst kind of analyser used in mass 
spectrometry and are now playing an important role in ICP-MS. Ion separation is based 
upon the fundamental principle that a moving charge, in this case a positive ion, will 
travel in a curved path in the presence of a magnetic fIeld. This operating principle is 
shown in Figure 6. 
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~/ .. ~ 
," , "s 
Figure 6 Schematic of a MSA (A) working as a mass niter for sequential detection and (B) for 
'dispersive' mass separation for simultaneous detection. 
When all ions have the same kinetic energy, it can be shown that the paths of heavier 
ions (higher mlz) are less deflected than those ofIighter ions. In the magnetic sector 
analyser, ions are accelerated with several kilovolts of energy, with higher energies 
potentially yielding better sensitivity and resolution. The ion energies are much higher 
than those used with quadrupole analysers and complicates the design of the instrument 
since one end of the instrument must be at a high potential when compared to the other 
. end. The mlz selected by the magnetic sector analyser is dependent upon: the magnetic 
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field strength (H), the radius (r) and the accelerating voltage (V), in the relationship 
shown in Equation 1. 
z 2V 
(1) -=--
In single detector instrumentation, the radius is fixed and the instrument can select the 
desired mlz by varying the magnetic field strength H, or the accelerating voltage V. In 
multi-collector instrumentation, the magnetic field strength H and the accelerating 
voltage V are selected so that various ions impact on different detectors positioned at 
various positions i.e. various radii. These mass analysers are very slow, due to required 
changes in magnetic field strengths. However, the speed is beginning to improve as 
better laminated magnets and magnet power supplies are developed. Magnetic sector 
analysers are rarely solely used in ICP-MS due to the slow scanning speed associated 
with changing the magnetic field strengths and in practice they are typically combined 
with an ESA to significantly reduce this scanning speed due to the increased speed in 
jumping electrically from one peak to another. 
Electrostatic Sector Analyser 
Technically, this device is not a mass analyser at all, but an energy filter. These devices 
are normally used in conjunction with a magnetic sector analyser. The ESA consists of 
two curved conducting plates, between which the ions must pass, onto which a potential 
difference is applied. The separation process is somewhat similar to magnetic sector 
analyser, with ions moving too fast impacting with the outside wall and ions moving too 
slow being pulled into the inside wall. Only ions of the correct energy will exit between 
the two plates for detection. 
Double Focusing Instrumentation 
When an electrostatic analyser is used in conjunction with a magnetic sector analyser, in 
a double focusing ICP-MS instrument, two configurations are possible. If the 
electrostatic analyser is placed before the magnetic sector analyser, typical of multi-
collector instrumentation since the dispersive section is the final section, then the 
configuration is known as Nier-Johnson. If the setup is reversed, with the magnetic 
sector placed before the electrostatic analyser, then the configuration is known as 
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Reverse Nier-Johnson; such instrumentation is more suited to sequential detection since 
the ESA is the final section allowing faster scanning of the mass spectrum. 
Using such double focusing instrumentation, scanning over a limited mass range of20% 
is possible by using a fixed magnetic field strength and simultaneously scanning the 
electrostatic analyser with the accelerating potential. Some instrumentation allows an 
elegant combined magnetic sector analyser and electrostatic analyser scan in which the 
magnetic sector is analyser is scanned linearly, whilst a saw tooth wave form is applied 
to the electrostatic analyser. This mode of scanning allows for very efficient data 
acquisition. 
The major advantage offered by double focusing instrumentation is superior resolution 
and sensitivity in comparison to quadrupole and other instrumentation. However, there 
is a trade off between the two and changing from low (300) to high (10,000) resolution 
incurs more than a 100 fold loss in sensitivity. The most recent improvements in 
sensitivity came with the use of a shield torch to reduce the ion energy variation leading 
to much improved transmission. The background is typically very low due to the long, 
curved ion path efficiently eliminating photons. This lower background leads to lower 
detection limits; however, this improvement is reduced at the low integration times 
often used in LA sampling. Although the scanning speed is becoming shorter with 
technological development, sector field instrumentation is still slower than quadrupole 
technology and may be unsuitable for the measurement of rapid transient signals, such 
as those found in LA analysis. 
Multi-Collector Instrumentation 
Multi-collector instruments are an example of sector instrumentation. These instruments 
avoid the need for changes in magnetic field strength by incorporating a number of 
detectors, enabling truly simultaneous detection of ions over a limited mass range. 
Because of their truly simultaneous nature of detection, multi-collector instrument lend 
themselves to the precise measurement of isotopic ratios. 
Time of Flight 
The TOF analyser is the latest analyser to be used in ICP-MS and is now found in 
commercially available instrumentation. The separation principle is perhaps the 
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simplest of a ll the mass anal ysers discussed. Figure 7 shows a schematic of a TOF 
instrument. In such instrumenta ti on, ions from the ICP are collected in discre te packets 
for a period of time. These packets of ions are then acce lerated by severa l thousand 
vo lts before en tering a fli ght tube, typically I m in length . 
-2--3kV -2 - -3 kV -+200kV I Low energy ion 1-- ----------
Ion beam - - - - -8- _ _ _ _ _ _ _ _ _ _ _ '" 
-------- -0 ~ 
0- - - - - - - - - - - - - - - - _ -e 0 __ _ 
--- ~.:-, 
. ', . 
0."", t:~::::::::::::::: :::: l : :::::::: ::::::::: ~o-_-:_-_-_&:ff' 
I I·ilgh energy ion 1 _____ _____ __ 
-2 _ -3 kV Reflector region 
Figure 7 A sc hematic of a time of Ilight instrument. 
Since the kinetic energy (KE) of the ions is dependent upon their mass (m) and ve locity 
(v), and a ll the ions have been g iven the same kinetic energy by the acce lerating 
potenti a l (V) , then ions of different mass will have different ve loc iti es (v) . This 
princip le is then used to separate ions of di ffering m/z in the time (I) domain over a 
fi xed fli ght path di stance (D) . 
, 
KE= mv 
2 
m 2UI' 
-= D' z 
(2) 
(3) 
As shown in Figure 7, ions o f differing m/z are accelerated in to the fli ght tube; because 
of the ir differing ve loc iti es they reach the detector at different times, w ith the li ghtest 
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ions reaching the detector first and the heavier ions reaching the detector las t. With a 
path length of I m, one complete spectrum can be acquired every 50 ps, two to three 
orders of magnitude faster than a quadrupole. This ana lyse r has the characteri sti cs of a 
simultaneous device and hence the bene fi t of sampling each ion at the same time can 
be obtained. Sensitivity of TOF instrumentati on is typically an order o f magnitude less 
than quadrupole instrumentati on due to the small er fracti on of ions that are used . When 
the issue of sensiti vity is corrected, it will be because of the unique abili ty to sample 
ions generated in the plasma at the same time that will lead to growth of TO F 
instrumentati on. Ultimately, TOF instrumentati on will bave major implica tions in the 
measurement of rapid transient s igna ls such as those obtained from L A , 110-11 5 the 
measurement of prec ise isotopic ratios and rapid mul ti-element determinations 
espec ially where sample volume is limited. 
Ion Detection 108, 109 
Ion detecti on takes place at the tail end o f the instrumen t, in which the ion beam 
in tensity is converted to a number, e ithe r in pulse counting or digita l mode in which 
ions are counted or in ana logue mode in which the ion beam cun·ent is converted to a 
potential wh ich is in turn converted to a useable num ber by ana logue-to-digita l 
c ircui try. 
For low in tensity signa ls, the digi tal mode o f detecti on is superi or s ince it offers better 
tabili ty and lower detecti on limits. For higher intensity signals, greater than 1,000,000 
counts S-I, pulse pile up or dead time correcti ons degrade the qua li ty of the anal ytical 
data using this mode o f detecti on and the ana logue mode becomes superior in 
capabili ty. Idea lly, an instrument should possess a detector capable of perfomling both 
modes of ion detecti on, since the di fferent modes are optimum at di fferent ion 
in tensities. In order to use both modes of detection simultaneously a cross ca li bration is 
req uired, which converts the analogue value in to an equi va lent digita l coun t rate, by 
mak ing measurements where both modes of detection are operational. 
Vari ous types of detectors have been used in ICP-MS including: the channel electron 
multiplier, the di screte dynode e lectron multiplier, and faraday collectors. 
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Electron Multipliers 
The channel electron multiplier was for a long time the most common detector used in 
[e p-MS. The device consists of a one-p iece, glass cone with a high resistance coating. 
A high potential of a few kilovolts is applied to one end of the device. Once an ion 
impacts on the first surface of the dev ice , severa l e lectrons are released. Each 
subsequent impact of e lectrons has the effect of increas ing the net electron current fl ow, 
until at the end of the cone a current pu lse of multiple electrons can be co llected. The 
resulting cun'ent pulse is counted in the digital mode or the combined current is 
measured in the analogue mode. 
Channel e lectron multip liers are of moderate cost and possess a finite li fetime of around 
a year, depending upon frequency of use since they are subject to deterioration with 
each successive ion impact. 
The discrete dynode electron multiplier is based upon the same principle as the channel 
electron multiplier, except that is uses discrete dynodes to perform the electron 
mu ltiplication process as shown in Figure 8. In this case, a resi stor chain is used to 
app ly separate and varying potential to each dynode. The main adva ntage offered by 
this system is the lack of need for a high resistance coating, lead ing to a more re li ab le 
device. Also, when in analogue mode, the analogue signa l can be taken off at an 
intemlediate dynode, w ith no necessary change in app li ed potentials or removal of the 
app lied potentia l at later dynodes. 
, 
, 
, 
, 
, 
, 
Ion in 1 
Discrete dynode 
Figure 8 A schematic of a discrete dynodc electron multiplier. 
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Both types of electron multipliers have the advantage of low noise and are subsequently 
found in most single detector instruments. Although they can be operated in both digital 
and analogue mode, if the applied potential is not reduced when high ion intensities are 
encountered, then a much reduced detector lifetime can be expected. For this reason 
instruments should be operated to pass over very intense ion signals where analytical 
data is not required. 
Faraday Collectors 
The Faraday collector is the detector of choice for multiple collector instruments, since 
the operating principle produces high stability and linearity allowing the use of multiple 
collectors simultaneously. For each ion that impacts within the 'cup' an electron flows 
through a resistor, creating a potential difference across it. The principle of operation is 
shown in Figure 9. 
Ion beam 
, 
, 
, 
, 
, 
, 
, 
, 
, 
, 
, 
, 
----=::::;""1 V 
, I 
Induced current ,'L-_____ ---l 
The ion beam impacts the inner surface of the 
cup. Consequently. the cup gains a net charge 
whilst the ions are neutralised. 
The metal surface is then discharged to 
measure a small current equivalent to the 
number of impacting ions. 
Measuring resistor 
Voltage-to-
frequency converter 
Figure 9 Schematic of a Faraday cup detector or DC analogue detector and measurement circuitry. 
The downside of this detector is that there is no control over the applied voltage or gain 
of the detector, meaning that Faraday 'cups' are only suitable for high ion intensities. 
For this reason if a Faraday cup is the sole detector then the sensitivity of the instrument 
will be severely compromised. To increase the sensitivity of ICP-MS instruments 
equipped with Faraday collectors and to· increase the linear dynamic range of the 
instrument, discrete dynode electron multipliers are often added to be used in 
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conjunction with the Faraday collectors. Another drawback of this system of detection 
is that Faraday cups are limited to relatively slow scan rates due to the time constant 
used in the DC amplification process used to measure the ion current. This makes 
Faraday collectors limited in their ability to handle rapid transient peaks, such as those 
derived from LA analysis. 
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Limitations of ICP-MS Analysis116 
. Although ICP-MS is known to produce excellent Limits of Detection 
(LOO) for a vast array of elements, analysis is often hindered to a certain degree by two 
types of interferences: spectroscopic and non-spectroscopic. Both classes of interference 
can be reduced by a variety of techniques which include modification in sample 
preparation, sample introduction and variation in ICP-MS parameters. 
Spectroscopic Interferences 
Spectroscopic interferences can be defined as an enhancement of the analyte signal 
caused by atomic or molecular ion species of the same mlz as that of the analyte species. 
This class of interference can occur for various reasons and are sub-categorised 
accordingly. 
. Isobaric Interferences 
Signals originating from different isotopes, at the same mlz, can be observed. These 
overlapping isotopic signals are referred to as isobaric interferences and cannot be 
resolved using typical quadrupole technology. One example where an isobaric 
interference is detrimental to analysis is in the determination of 114Cd which is 
'overlapped' by II4Sn. 
Polyatomic Ion Interferences 
Ionic molecular species, known as polyatomic ions, can also interfere with the mlz 
signal of the analyte isotope. Such polyatomic ions can be detected as the result of 
either atomisation survival within the ICP or formation from atomic ions and neutral 
species within the ICP interface region via combination or ionisation reactions. One 
important polyatomic interference is 3202+, which interferes in the analysis of 32S. 
Another is the presence of 3INOH+ which appears at the same mlz as the 31p isotope, 
making P determination less successful by quadrupole ICP-MS. 
Since LA analysis typically avoids the risks associated with the use of a solvent, an LA 
. mass spectrum will possess a lower background due to a reduction in polyatomics 
derived from the use of the solvent. 
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Doubly Charged Ion Species 
Doubly charged species can be formed under certain plasma conditions for some 
elements, particularly those elements possessing a low second ionisation enthalpy. The 
signal for such an ion in the mass spectrum will appear at a mlz half that of the same 
isotope cariying a single charge and will therefore cause interferences in lower regions 
of the mass spectrum. One example of a doubly charged ionic species interfering in 
analysis is the determination of 69Ga, which can be hindered by the presence of 13SBa2+. 
Techniques to Alleviate Spectral Interferences 
Higher Resolution 
It may be possible to separate an interfering signal from the analyte signal by employing 
instrumentation with a higher resolution. Resolution is defined by equation 4, where Il.m 
is the peak width, in mass units, of an interference free peak at 5% of the peak height. 
Resolution = m/l1m (4) 
Alternatively, if two neighboring peaks have equal intensity, h, Il.m is defmed as the 
mass difference necessary to achieve a valley height between the peaks of 0.1 h. This is 
known as the 10% valley definition. Although these definitions are in theory equivalent, 
the first is much more useful in practice as it is rare to find neighboring peaks of equal 
intensity. 
Quadrupole instrumentation is typically capable of a resolution of around 400, sufficient 
to separate signals of ions one mass unit apart, but insufficient to resolve spectral 
interferences. Double focusing mass analysers are capable of much higher resolution, 
typically offering a maximum resolution of between 10,000 and 12,000. However, 
operating these mass analysers at higher resolution is accompanied by a reduction in ion 
transmission leading to reduced sensitivity, but is still typically better or equal to 
quadrupole instrumentation. I 17. lIS 
Sample Preparation 
Whenever possible, nitric acid should be the only acid used in sample preparation. 
Since, H, Nand 0 species are all present in the plasma and entrained atmospheric gases, 
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then no further interferences are introduced to the spectrum by employing nitric acid. In 
contrast, the use of hydrochloric, phosphoric and sulfuric acids can lead to the 
introduction of many further and varied interfering species which results in a 
significantly more complicated mass spectrum. 
Chemical separation of the analyte and interfering species is often a viable strategy for 
reducing spectroscopic interferences and chelating or ion exchange resins have been 
employed for this purpose. 
Sample Introduction 
Desolvation can be used as an effective technique for reducing the polyatomic 
interferences that may arise in the spectrum due to the presence of water and other 
solvent molecules. Oxides, hydroxides and nitrides can all be reduced whilst 
simultaneously increasing the analyte signal.119 
Sample introduction techniques that avoid complex digestion of the sample and hence 
avoid interferences derived from the presence of a solvent, are useful in reducing 
polyatomic interferences. Such techniques include: ETV, HG, slurry nebulisation, 
desolvation, DSI and LA. 
Plasma Variables 
Mixed gas plasmas, involving the addition ofN2, H2, He or Xe to the main Ar stream, 
have been reported to reduce the signal intensity observed for many polyatomic ions.120 
The choice of secondary gas is dependent upon the application, namely the analyte 
species and the interferent to be reduced. 121 
The operation of a plasma at lower than normal power, resulting in lower plasma 
temperature, has been successfully applied in the reduction of argon based molecular 
ions.I22•124 This background can be greatly reduced, particularly at mlz 40, enabling 
measurement of isotopes that were impossible with conventional quadrupole ICP-MS 
. parameters. Typically, under these 'cold plasma' conditions the ICP forward power will 
be set around 600 W, in contrast to a typical forward power of around 1300 W for 
routine analysis. It may be necessary to employ a grounded metal shield, positioned 
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between the torch and RF coil to reduce the formation of molecular ions due to a 
secondary discharge, which can occur under such plasma conditions. 125 
Collision/reaction cells 
Collision cells are a source of chemical resolution and utilise ion-molecule chemistry to 
remove or reduce polyatomic interferences. They have the secondary effect of 
thermalising the ions, reducing the ion energy spread and consequently increasing 
transmission to the detector. Collision/reaction cells consist of a multipole, acting as an 
ion guide, to which a reaction gas or gases, such as H2, NH3 and 02, is applied at Iow 
pressure.126.128 As well as reducing the impact of interference from polyatomic ions, 
collision cells have been used to overcome isobaric interferences, by either selectively 
reacting the interfering element to move it away from the isotope of interest or 
selectively reacting the analyte element and moving it to a clear part of the mass 
spectrum. 128 
Typically, LA of solid samples results in a dry aerosol. Such dry aerosols are very Iow 
in 02+ and H+, which are the major species responsible for polyatomic ion interferences 
formed within the plasma and within the ion extraction region. However, the abundance 
of doubly charged species is similar to those encountered in solution nebulisation work. 
Many samples, typically geological in nature, contain appreciable numbers of oxygen 
atoms, which can lead to polyatomic interferences. This is prevalent in the case of rare 
earth element (REE) determination in Ba rich glass samples, in which BaO causes 
problematic interferences on the REE. These interferences, combined with the fact that 
many interferences related to the presence of Ar remain, have meant that collision cells 
have found widespread use, even with the dry aerosols typical of LA analysis.129-134 
Mathematical Corrections 
The measurement of polyatomic interferences and multiply charged ions at alternative 
. isotopes can be used to correct the analyte signal in a similar way to isobaric 
interferences. Methods such as multiple linear regression and principle component 
analysis can be used to great effect, as long as the interferences arising from a particular 
matrix are known in detail. 135-138 
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Non-Spectroscopic Interferences 
Non-spectroscopic interferences can be defined as any change in signal intensity, that 
results from the physicochemical properties of the sample. Again,· this class of 
interference, often termed 'matrix effects', can occur for various reasons and are sub-
categorised accordingly. They are caused by concomitant species in the sample and also 
by the ICP-MS instrumentation itself. Processes such as sample transport, ionisation 
within the plasma, ion extraction and the behavior of ions within the ion beam, are all 
influenced, leading to variations in analyte sensitivity . 
. Presence of Easily Ionisable Elements 
If the sample matrix contains a large quantity of elements exhibiting relatively low 
ionisation enthalpies (such as Na, K, Ca, Rb and Cs) then a change in the ionisation 
equilibrium of the ICP can result. Such changes can result in a decline in sensitivity, due 
to ionisation suppression ofanalytes of higher ionisation enthalpy.139 
Sample Deposition 
The analyte signal may become suppressed over a period of time due to deposition of 
sample matrix on the sampler, skimmer or ion lenses. This can be problematic for 'high 
matrix' samples and can lead to significant deposition on the skimmer orifice, affecting 
the ion beam behind and subsequently reducing the observed signal intensity.140 
Older laser systems used for LA, generated large quantities of ablated material, 
consisting primarily of large particulates that cannot be fully processed by the ICP. 
Hence this problem was commonly encountered when employing such older LA 
systems. Newer LA systems typically have a much lower ablation rate and produce 
particles with a much smaller mean diameter; hence this problem is no longer 
commonly encountered with these systems. 
With regular instrumental maintenance, such as cleaning of sampler, skimmer and . 
lenses this problem can be more easily avoided. 
Space Charge Effects 
The term 'space charge effects' is used to describe a mutual repulsion amongst ions, 
caused by a predominance of positive or negative ions. As plasma species (positive 
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ions, electrons and neutral atoms or molecules) are transported through the skimmer 
cone orifice a separation of charge occurs as electrons rapidly diffuse from the ion 
beam, leading to the ion beam possessing a net positive charge. Electrostatic repulsion 
influences the ion trajectory, potentially causing a loss in analyte sensitivity. These 
'space charge effects' can be particularly severe if the matrix ions are of a higher mass 
than the analyte ions, since the positive matrix ions repel the analyte ions from the ion 
beam, resulting in a detrimental effect on analyte sensitivity. 
Nature ofthe Sample 
The physical properties of the sample and the nature of the sample introduction system 
can all contribute to the occurrence and extent of non-spectroscopic interferences. 
The introduction of gaseous samples of high vapour pressure can vary the width of the 
central channel within the ICP, affecting the local temperature and ionisation 
capability.141 If this vapour pressure is sufficiently high, then the plasma may be 
destabilised causing plasma 'flicker' and subsequent high Relative Standard Deviations 
(RSDs) or even be fully extinguished. Similar effects are observed upon introduction of 
a volatile liquid sample, such as samples containing ammonia, where upon vaporisation 
within the ICP, the same considerations mentioned above apply. 
The efficiency of introduction of analytes within a liquid matrix, into the ICP is 
dependent upon factors such as: viscosity, surface tension, density and vapour pressure; . 
hence matrix matching of sample and standard is essential to provide good quality 
analytical data. For solid introduction, particularly LA, even slight changes in matrix 
composition can lead to dramatic variations in ablation rate and the size of the particles 
produced by the ablation process; since exact matrix matched standards are not 
available for the majority of sample types, these matrix effects are often a limiting 
factor for quantification. 
Techniques to Alleviate Non-Spectral Interference 
Many of the same techniques used to alleviate spectral interferences can be used to 
alleviate non-spectral interferences. These include; a chemical separation of the analyte 
of interest from the matrix, utilising an alternative sample introduction technique such 
. as flow injection and desolvation to reduce the number of matrix ions reaching the 
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plasma. Finally it is vital that matrix matching of sample and standards is performed to· 
ensure constant plasma conditions; this approach used in conjunction with internal 
standardisation should ensure good quality analytical data IS achieved. 
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D t A ° °to 142 a a CqUlSI Ion 
Data acquisition is an important consideration for ICP-MS, particularly when utilising 
laser ablation as a sample introduction technique, whether it be for quantitative 
elemental determinations, spatial resolution or isotopic analysis. For LA-rCP-MS it is 
important that the data is acquired as a function of tiine i.e. it is time resolved; hence, 
the situation is a little more complicated than for the steady state signals pr()duced by 
solution sample introduction. 
The ability to acquire data as a function of time and to observe the data while it is being 
acquired is termed 'real time data acquisition.' Real time data acquisition is imperative 
in LA-ICP-MS, since it is through examination of this data that sample heterogeneity is 
elucidated and the ability to optimise laser operating parameters is achieved. Efficient 
data acquisition protocols are determined by several factors including: spectrometer 
sweep time, spectrometer settling time, dwell time, the number of sweeps per reading, 
and the number of points or channels per spectral peak. 
Spectrometer Sweep Time 
Spectrometer sweep time can be defined as the total time required for the acquisition of 
intensity information for all selected masses. This is an important factor since clearly it 
is pointless to waste time acquiring data at masses where the information generated is of 
no use. For this reason, particularly for LA analysis in which the signals obtained are 
generally noisy, the list of masses should be kept as short as possible to minimise the . 
sweep time, allowing heterogeneity in the sample to be observed. For TOF instruments, 
the sweep time is very short, typically 50 /.Is; whilst for truly simultaneous instruments 
such as MC, the sweep time is equivalent to the total time of analysis. For MC 
instrumentation, this analysis needs to be broken down into smaller intervals to observe 
signal variation with respect to time, that is, to become time resolved. 
Spectrometer Settling Time 
Since quadrupole and single sector instrumentation are sequential in operation there is 
. inevitably a period of time 'wasted' between acquisitions whilst the mass analyser and 
detector settle between changes in mass and ion signal; this is known as the 
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spectrometer settling time. Quadrupole instruments are fast peak hopping and achieve a 
relatively constant settling time between mass jumps of 0.1 - 2 ms. Single sector 
instruments are slower, with the settling time being dependent upon the particular set of 
masses chosen for monitoring and can be as high as I ms per mass. This longer time can 
be attributed to the delay associated with changes in magnetic field strength. The term 
settling time has no significance when TOF and MC instrumentation are involved. 
Dwell Time 
Dwell time can be defined as the time used acquiring data at a particular mass. Usually, 
this time is kept constant for every mass selected, although most software allows 
different dwell times to be used for different masses. In order to allow heterogeneity in 
the sample to be observed, when performing LA-ICP-MS, dwell times should be kept as 
short as possible. However, as the dwell time is reduced, leading to a reduction in sweep 
time, the fraction of time 'wasted' on settling is increased; hence the selection of dwell 
time is typically a compromise between these two factors. 143 Generally, 80 - 90% of the 
total sweep time should be used for data acquisition. 
Number of Sweeps per Reading 
This term describes the combination of a number of sweeps to form a reading. At first 
this may seem disadvantageous for LA applications, since the time resolved nature of 
the acquisition is reduced; however, the advantages gained include an increase in 
sensitivity and a separation in signal information from the noise by averaging sweeps. 
Again the selection of the appropriate number of sweeps is a compromise between two 
factors, to effectively reduce noise,143 whilst maintaining information regarding sample 
heterogeneity. 
Number of Points per Spectral Peak 
Sequential instrumentation can be operated to acquire data at various points across the 
peak of interest as well as at the point of maximum intensity, allowing a true 
integration. However, the best choice is always one point per peak for a variety of 
reasons. Firstly, the maximum signal is obtained since the peak is higher than the mean 
of the points before, at and after the peak. Secondly, the change in intensity with mass 
calibration is minimised, since there is a larger change in intensity as a function of mass 
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off peak rather than on peak. Thirdly, by employing one point per peak the fraction of 
time wasted on settling is reduced. Finally, utilising one point at the peak maxima 
achieves the best abundance sensitivity, reducing interferences from neighboring 
masses. 
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Introduction 
It is a fact that many 'real samples' are solids and thus have to undergo a digestion 
procedure, often involving multiple steps, in order to prepare them for introduction into 
an analytical instrument. Such sample preparation techniques increase the likelihood of 
contamination from other samples and reagents; and also the occurrence of interferences 
such as molecular ion spectral interference e.g. ArO+. Solid sampling reduces sample 
preparation time and sample handling, thus diminishing the risk of such contamination. 
Interferences derived from the use of a solvent are· also absent since no solvent is 
required. Hence, solid sampling for analytical techniques such as ICP-MS has been a 
long term goal of analytical research. 
Initially, the laser provided both the sampling source and the source of excitation and 
ionisation by using the laser-induced plasma for optical emission and atomic absorption. 
It was Gray in 1985,1 who realised that a laser ablated aerosol could be transported with 
high efficiency to the superior excitation and ionisation source, the ICP. Hence Laser 
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) was born. The 
paper demonstrated detection limits of less than 1 Jlg g.1 using high-powered lasers that 
generating large craters of 0.5 - 0.7 mm in diameter. Twenty years later, LA is now the 
most versatile solid sampling technique for ICP-MS. The technique of LA has been 
thoroughly reviewed by a number of authors, including: Durrant,2 Russ03• 4 and 
Gunther.5•7 
The advantages of LA are well known. Firstly, any type of solid sample can be ablated 
for analysis, such as conducting and non-conducting inorganic and organic compounds, 
either as solids or powders. In general there are no sample size requirements except that 
the sample must fit in the ablation cell; typically, analysis by LA requires a much 
smaller amount of sample than is often required for solution analysis. Importantly, 
ablation with a focused laser beam enables spatial characterisation of heterogeneity 
within samples, typically offering micrometer (Jlm) resolution both in terms of lateral 
direction and depth. As mentioned, sample preparation and the use of a solvent is not 
required meaning the risks of contamination and interferences are reduced. 
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The drawbacks associated with. LA-ICP-MS are also well known. Namely a lack of 
CRMs for the majority of sample types, to enable the calibration required for accurate 
and precise quantification. This calibration requires certified reference materials that 
need to exactly match the sample in terms of matrix composition and are typically hard 
to acquire or fabricate. Without such standards, 'elemental fractionation' has major 
implications for accurate chemical analysis. The development of reliable, possibly 
universal calibration standards is thus of great interest and will enable. LA to achieve its 
primary goal of quantitative analysis. 
Elemental Fractionation 
There seems to be no formal definition of the phenomenon described as elemental 
fractionation, which causes a variation in the relative elemental signal response. 
Elemental fractionation is massively detrimental to obtaining good data quality, since it 
means that the observed instrumental response may. not be representative of the 
elemental composition of the sample. 
Previously, elemental fractionation was attributed to processes occurring during the 
ablation process itself; however, it is now known that elemental fractionation can occur 
at three main points in a typical LA-ICP-MS measurement; the ablation process, the 
transport process and the atomisation/excitation process within the plasma itself. Recent 
research has focused upon relating the occurrence of elemental fractionation to the size 
of particles produced during the LA process, with a shift towards smaller particles 
causing a reduction in elemental fractionation. The size of particles produced at the 
ablation process has been shown to not only be dependent upon the absorption and 
physicochemical properties of the sample, but on the instrumental parameters such as 
laser wavelength, pulse duration, fluence and carrier gas. 
Elemental Fractionation During the Ablation Process . 
Fractionation is known to be strongly element dependent and hence attempts have been 
made to compare the degree of fractionation with elemental properties such as; melting 
point, boiling point, vapour pressure, atomic and ionic radius, charge and speciation. 
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It has been shown that elements with lower melting points and high volatility are often 
enriched in the vapour phase meaning that the vapour produced by LA of the sample is 
not representative· of the sample itself.8•1O This arises since the ablation process often 
involves a thermal mechanism. It is the electrons within the atoms of the sample that 
directly absorb the incident laser energy. This energy is subsequently distributed 
throughout the solid lattice as heat, inducing melting and vaporisation of the sample 
material. Strong fractionation can arise since different chemical elements have different 
latent heats of vaporisation; thus some elements are transferred into the vapour phase 
more readily than others upon application of incident laser energy. 
Kuhn and Giinther's studies on elemental fractionation within laser induced brass 
aerosols,8 highlighted the dependency of fractionation on elemental properties. Among 
alloys, brass is thought of as one of the more difficult to analyse, due to the large 
differences in melting (Cu, 1083 DC; Zn, 420°C) and boiling (Cu, 2567 DC; Zn, 907°C) 
points of Cu and Zn. They showed a particle size dependent fractionation of Cu and Zn 
in the aerosol produced. Those particles larger than 100 nm primarily consisted of Cu, 
whereas particles smaller than the lowest measurable particle size fraction or vapour 
were highly enriched with Zn. Sputtered material remaining further away from the 
ablation crater was depleted in Zn and was attributed to the laser induced plasma 
heating and vaporising ejected particles. Since Zn is more volatile than Cu, it was 
enriched in the gas phase and was therefore depleted in the particles. The resultant Cu 
signal was· greatly reduced since the larger Cu enriched particles did not vaporise and 
ionise fully within the ICP. 
leffries et al.1I discussed a possible relationship between fractionation and the ionic 
radius, charge and melting temperature of elements using both an IR and UV laser. 
They showed that upon use of an IR laser, the degree of fractionation in the rare earth 
elements strongly correlated to the ionic radii of the element within the sample. 
It has been shown by Chen12 that the degree of fractionation depends also upon the 
ionisation enthalpies of the elements within the sample, namely the sum of the first and 
second ionisation enthalpy. In this study more low ionisation energy elements were 
found in an ablated mass than higher ionisation elements. 
- 59-
Chapter Two 
A link between fractionation and elemental speciation or chemical form has been 
observed. 13. 14 A fractionation study during LA of Mg compounds with different . 
chemical forms was performed. 13 The results obtained can be related to the melting 
temperatures or on the ease of decomposition, of the compound. For instance, the 
response factor was lowest for the MgO form, which has a melting point of 2826 cC, 
whilst MgS04 and MgF2 have melting points of 1127 and 1263 °C respectively. A non-
stable form, Mg(CH3C02)2, gave the highest response factor. A similar result was 
obtained for Al analysis, where the lowest response factor corresponded to the most 
stable compound, Ah03, with a melting point of 2054 cC. 
Studies performed by Mank and Mason IS suggested that the degree of fractionation is 
determined by the shape of the crater formed by the ablation process. In this study 
fractionation effects were investigated throughout the ablation of deep craters i.e. >200 
Ilm, in a silica based glass matrix. Mank and Mason concluded that fractionation 
became more significant as the crater aspect ratio was increased. Crater aspect ratio is 
described as the ratio between the depth and diameter of the crater. The elemental 
fractionation index showed a change when this aspect ratio exceeded 6: I. 
The increased degree of elemental fractionation can be attributed to a change in the 
aerosol transport mechanism with a change in depth. Larger diameter craters exhibit less 
elemental fractionation than small diameter ablation craters, when ablated to the same 
depth. These smaller craters show a greater degree of enrichment towards some 
elements towards the later stages of the ablation process. This enrichment occurs due to 
interaction between the ablated material and the surface walls in the upper and 
intermediate regions of the crater as the ablated material attempts to escape the crater. 
Thus, a much greater amount of material is removed directly from larger craters without 
recombination and adherence to crater walls. 
An exact mechanism for the dependence of fractionation on crater geometry is not 
known although it is possible that a plasma confined within a deep crater contributes to 
the sampling process and leads to strong fractionationl6 i.e. the ablation mechanism is 
primarily non-thermal at the sample surface but changes to a plasma dominated thermal 
mechanism with a greater depth. 
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It is also plausible that fractionation effects could be attributed to the actual irradiance 
of the laser beam decreasing as the crater deepens due to changes in effective area 
exposed to the laser beam.16 As laser irradiance is increased, crater geometry changes 
from a flat bottomed (at shallow depths), to an increasingly convoluted profile with the 
same number of laser pUlses.17 In this scenario the ablation crater deepens and the 
aspect ratio of the crater increases; consequently the surface area of the crater walls 
increase. Laser irradiance on the side wall of the crater is smaller than that at the crater 
bottom. 
Elemental Fractionation During the Transport Process 
Elemental fractionation processes are known to occur during transport of the ablated 
material to the detection system. It is thought that the sources of elemental fractionation 
during such transportation may be attributed to selective vapour condensation on tubing 
walls,9.lo or even on selective nucleation of species on different sized particles.s It is the 
size and shape of the particles produced that governs these two effects and hence the 
transport efficiency of the particle and its chemical composition are particle size 
dependent. It is often the origin of the particles that determine their size and chemical 
composition; for instance, larger particles are believed to originate from melt flushing of 
the heated liquid layer and hence their composition is often significantly different from 
the bulk. 
The presence of enriched particles has been demonstrated by Outridge et al. IO Such 
particles were enriched in certain elements including Pb, Bi, Zn, Au and Ag, by LA of 
NIST 610 glass. The study showed that different particle sizes can possess greatly 
different elemental composition. Two mechanisms were described which could explain 
the formation of these pure elemental particles. Firstly, volatilisation of low melting 
point/boiling point elements within the melted region of the sample, together with post 
ablation condensation of low melting point/boiling point element vapour. IS Secondly, 
zone refinement, in which virtually instantaneous migration and segregation of elements 
during the melting of the sample occurs, providing an elementally enriched target, from 
which molten droplets are ejected. 19 
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The occurrence· of this zone refinement has been proven· by Cromwell and 
Arrowsmith.19 Refinement of Pb during the ablation of brass occurred and it was 
suggested that the Pb had erupted from Pb rich inclusions below the crater surface, 
which had in turn been formed during ablation, by the migration of the Pb in the liquid 
phase of the ablating sample. 
. Hence the size distribution of particles produced by LA greatly affects the degree of 
fractionation· observed. It has already been shown that different sized particles may 
possess a different chemical composition, since some may become enriched. This 
source of fractionation is amplified as smaller particles and vapour may often diffuse 
onto the ablation chamber walls as well as the walls of the connective tubing used 
throughout the transport system. Larger particles can settle out due to the effects of 
gravity and hence are prevented from reachingthe ICP. 
Elemental Fractionation Within the Plasma 
The operating conditions of the ICP itself have a significant effect on the measured 
elemental ratios under constant ablation conditions. The degree of elemental 
fractionation occurring within the ICP depends not only on the particle size distribution 
of the aerosol but on the ionisation efficiency of the plasma itself. Even though the ICP 
. is a very powerful and efficient ionisation tool, the vaporisation, atomisation and 
ionisation efficiencies change with the local temperature of the ICP. Differences in the 
sample load can therefore alter the ICP temperature and hence alter the vaporisation and 
ionisation efficiencies. This effect is especially pronounced for elements with a high 
first ionisation enthalpy.2o In fact, recent studies have highlighted that the laser ablated 
aerosol structure itself can have a significant impact on elemental fractionation?1-24 The 
laser ablated aerosol can be subdivided into three parts: 
I. The fraction that remains within the ablation cell or transport system, referred to 
as immobile. 
2. The fraction that is transported to the ICP but is not completely vaporised, 
atomised and ionised, referred to as incomplete. 
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3. The fraction that is completely transported, vaporised, atomised and ionised, 
referred to as complete. 
Whether the ICP causes elemental fractionation will therefore depend upon the mass 
ratio of incomplete to complete particles. When this ratio is small, almost every particle 
will be fully vaporised, atomised and ionised by the plasma, and the ion number density 
will reflect the stoichiometry of the laser ablated aerosol. When the incomplete fraction 
increases, an increasing number of particles will not be fully vaporised, atomised and 
ionised, and a preferential vaporisation of elements with higher volatility will alter the 
relative composition of atoms and ions within the ICP, leading to plasma based 
elemental fractionation. This process is shown in Figure 10. 
ICP induced elemental fractionation can be reduced by optimising the ICP parameters, 
including forward power, sampling depth, and carrier gas flow and composition, to 
give sufficiently high gas temperature within the central channel of the ICP. It is 
important to realise that optimum conditions for minimising plasma based elemental 
fractionation may differ greatly to those conditions required for optimum sensitivity. 
The LA process is responsible for the initial particle size distribution of the laser ablated 
aerosol. Most of the particle loss within a typical LA-ICP-MS system occurs within the 
ablation cell, and the transported fraction is vaporised, atomised and ionised to a highly 
variable degree within the plasma. Therefore all observations of elemental fractionation, 
in particular contradictory results for different instrumentation, have at least some 
relation to the particle size distribution and its treatment within the ICP. 
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Figure 10 (a) Silicate pa rticle is less than 150 nm and is completely vaporised by the plasma leading 
to a vapo ur cloud that is representative of th e sa mple i.c. no plasma based fractionation (b) Silicate 
particle is greater than 150 nm and is not completely vaporised by th e plasma; this leads to select ive 
va porisation of volatile elements from the particles large surface area, inducing plasma based 
fractionation, n 
Another source of fractionation within the IC P is produced via e lement specific matri x 
effects. Matri x elements with a lower second ion isati on potential than the first ioni sation 
potenti al of Ar may show severe matrix effects20. 25. 26 It is possible to reduce these 
matrix effects by substituting the Ar carrier gas for He. The in terfe rence mechanism is 
not yet full y understood, although it is thought to involve the in teraction between 
doubly charged matrix ions and argon s pec ies. 
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Figure I t A representation of the interaction between a high-power, highly·focuscd laser bea m and 
a solid surface. 
Ablation is a frequent ly lIsed term for materi al removal by intense laser li ght, and 
originates from the Latin "ab /alliin ", which means " Iaken away". The term laser 
ablation (LA) is generall y used in a broad sense to denote any laser induced material 
remova l. 
The interaction between an incoming laser beam and a so lid surface is compli cated and 
remains poorly understood . This is due to the fact that the absorption process and the 
subsequent material ejection are characterised by different processes which usua lly even 
occur simultaneously and are shown below: 
I. The lase r light strikes the so lid and interacts with the e lectrons. After a period of 
tens of ps the electrons and atoms equilibrate, which leads to strong heating o f 
the ilTad iated vo lume. 
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2. Material from the heated volume is ej ected and continuously absorb ing energy 
from the laser, resulting in the fonnati on of an expanding one dimensional 
plasma plume. 
3. After the termination of the laser pu lse the plume expands adiabati call y in a ll 
three dimensions. If the expansion takes place in a vacuum, the plume atoms 
will eventua ll y flow away with a constant velocity. 
4 . I f the expansion occurs in a background gas, as is typica lly the case, the high 
plume pressure initi a lly dri ves the expansion as if it were in a vacuum. After 
several flS the plume propagation is completely detennined by the interacti on o f 
the plume atoms with the atoms and molecules of the ambient gas. 
Particle Formation Processes 
Many mechanisms ha ve been proposed to explain mass removal from the ablati on site 
and subsequent particle formati on.IO. 27 ·33 A recent review by Hergenroder describes the 
extent of current research and knowledgeJ4 
If the particl e di stribution ofa laser generated aerosol is measured, two di stinct fracti ons 
can be observed, implying that a t least two mechani sms exist in conjunction for particl e 
formation processes35.39 Two models produced by Hergenroder, have been proposed to 
explain the mechanisms invo lved in the formation of both particl e size fracti ons.31. 33 
The first model describes the fo rmation of the large r particles above the size o f 100 nm. 
This model is based upon the ejection of particles via plas ma initiated Kelvin-
Helmholtz instab ilities within the melt layer after the laser pu lseJ I However, the model 
suggests that thi s hydromechanical mechani sm cannot explain the ex istence o f particles 
sma ll er than 100 nm, and thus a second mode l is proposed for the generation of thi s 
sma ll er particle size fraction33 This second mode l proposes a gas-to-solid parti cle 
mechani sm, based upon nucleation and condensati on of sub nanometer clusters. These 
liquid clusters, collide and coa lesce w ithin the laser induced plasma to form larger 
particles, before so lidification. Subseq uentl y, the so lid partic les co llide to fonn larger 
agglomerates. 
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Instrumentation 
The laser (Light Amplification by Stimulated Emiss ion of Radiati on) was created in the 
1960s and rapidly attracted the attention of analytical chemists due to its potential 
sampling capabi li ties. Optica l energy is built up in the laser cav ity which contains the 
laser medium and is subsequentl y released in a velY short time as a laser pulse. Lasers 
are capable of producing coherent, co llimated, monochromatic pu lses of energy of very 
short duration at specifi c wavelengths, which range from the ultrav iolet (UV), through 
the visible, to the infrared (lR), depending upon the laser medium used. Since laser light 
allows a highly focused energy pulse of high peak power, they are particularly we ll 
suited to LA. 
A typica l LA- IC P-MS system cons ists of a laser, an ab lation stage, a transfer system, in 
conj unction with an ICP-M S instrument. Figure 12 shows a schemati c of a typica l LA-
lC P-MS setup . The laser is used to ablate materi al from the sample, which is placed on 
a mechanically adj ustab le ab lation stage . The transfer system transfers the ab lated 
material to the detection system, the lC P-M S. 
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Fig ure 12 A schematic of a typica l LA- IC P-MS system, s howing th e sa mple introduction (lase r 
ablation) region, transpo rt region and detection (IC P-MS) region. 
Laser Action 
To produce laser emission, an excited s tate must be stimu lated, so that it emits a photon, 
by rad iati on of the same frequency. T he more photons that are present the greater 
probab ili ty of the emiss ion. One essential requ irement of laser acti on is the existence of 
a metastab le exited state, an excited state with a long enough li feti me for it to participate 
in sti mulated emiss ion. Another req uire ment is the ex istence of a greater populati on in 
the metastable state than in the lower state where the transition terminates, for then there 
will be a net emiss ion of radiation. Because at therma l equ ilibrium the opposite is 
str ictl y true, it is necessaty to achieve thi s population inversion in whi ch there are more 
molecules in the upper state than in the lower. 
One way of achieving this popu lation inversion can be seen in Figure 13. The molecul e 
is exc ited to an intermediate state I , which then gives up some of its energy non-
rad iative ly and changes into a lower state A. The laser transition is the return of A to the 
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ground state X. Since three energy levels are involved this type of laser action is termed 
a 'three-leve1laser system'. 
I 
x 
......,~-~---
PUMP 
Transition stimulated 
by an intense flash of 
light. 
Non-radiative decay. 
A 
-------
LASER ACTION 
Figure 13 The transitions involved In basic laser action. The pumping pulse populates the 
intermediate state I,. which in turn populates the lower state A. The laser transition is the 
stimulated emission A-+X. 
The disadvantage of the three-level laser system is that it is difficult to achieve a 
population inversion, since so many ground-state molecules must be converted to the 
excited state by the pumping action. This problem is avoided in a four-level laser 
system, such as the Neodymium doped yttrium Aluminium Garnet (Nd:YAG), whose 
transitions are shown in Figure 14, by having the laser transition terminate in a state A ' 
rather than the ground state. Because A ' is initially unpopulated, any population in A 
results in a population inversion. Moreover, this population inversion is more easily 
maintained, if the A '-+X transition is rapid, for these transitions will deplete any 
population in A ' that stems from the laser transition, and keep the state A ' relatively 
empty. 
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Figure 14 A Nd:YAG laser four level energy diagram. Because the A' energy level is not the 
ground-state, then it is initially unpopulated meaning that a population inversion is more easily 
attained. 
Types of Lasers 
. The basic requirement of the laser is to provide energies of sufficiently high power 
density (typically in excess of 107 W cm-2) at the lens focus to ablate and vaporise 
diverse sample matrices. A precise and representative sampling process is desirable for 
bulk analysis; whilst in order to perform microanalysis or spatial discrimination, 
focusing the laser beam to a small spot size i.e. 10 - 20 Ilm is necessary. Carbon 
dioxide, nitrogen, excimer, ruby and Nd:YAG lasers have all successfully been used for 
the technique of LA, although the market is now dominated by the Nd:YAG and 
excimer. 
The Nd:YAG Laser 
The Nd:YAG laser is the· most commonly used source for LA. This laser has a 
fundamental frequency of 1064 nm and has largely replaced the ruby laser which was 
used previously. The Nd:YAG laser consists ofa Nd doped Yttrium Aluminium Garnet 
rod a few millimetres in diameter. When sufficient power is available, Nd:YAG lasers 
may be frequency tripled, quadrupled or quintupled and operated at the third (355 nm), 
fourth harmonic (266 nm) and fifth harmonic (213 nm);40 whilst a Nd:YAG operating at 
193 nm has recently become commercially available.41-43 In contrast to ruby lasers, 
-70 -
Chapter Two 
Nd:YAG lasers may be operated at medium (10 - 20 Hz) or high (1 - 5 kHz) repetition 
rates without an associated loss of power. Since the laser is reasonably priced and 
reported by users and manufacturers to be both robust and reliable without extensive 
maintenance, the Nd:YAG laser is a powerful ablation tool. The flash lamp is the only 
part of a solid laser medium system which requires routine maintenance and must be 
replaced when· it no longer provides enough energy since it loses intensity with 
prolonged use. 
The Excimer Laser 
Excimer lasers have also been successfully used for LA applications. Such lasers emit 
very short wavelength pulses which more readily induce photo-ejection of electrons; 
hence these lasers are capable of sustaining laser induced plasmas at low pulse energies. 
Excimer lasers, such as the XeCl and ArF which operate at 308 and 193 nm 
respectively, are capable of delivering pulses of 0.1 - 1 J at repetition rates of 300 Hz. 
Previously, the major disadvantage of excimer lasers was that they both lacked mode 
structure and displayed poor spatial coherence. This meant that they were not able to be 
focused to small spot sizes and were often unsuitable to applications involving spatial 
profiling. However, this problem was removed by involving a more complex laser 
optics system. The main advantage of these lasers is that the crater size produced, as 
well as the ablated particle size distribution tends to be more uniform than those 
produced from other lasers. 
The Laser Wavelength 
There is a widespread discussion concerning the 'best' wavelength to use for LA. 
Wavelength is known to be a very important variable based on the sample's optical 
penetration depth as well as photon energy required for bond breaking within the 
sample. The amount of laser energy incident upon a sample is dependent upon the 
wavelength of the laser; this laser energy controls the ablation yield and thus the 
resulting signal response. Since UV radiation can be focused to a smaller spot size than 
longer wavelength radiation (such as visible or IR), and the fact that DV is more highly 
absorbed by the majority of sample types, DV lasers are almost exclusively used for LA 
purposes. 
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Generally speaking, the use of shorter laser wavelength (UV) is advantageous since it 
offers higher photon energies for more efficient bond breaking and ionisation of the 
solid sample, as well as reducing the fractionation process. This occurs since ablation 
can involve thermal and/or non-thermal processes, depending upon the wavelength of 
laser used. In a thermal process, the electrons within the sample directly absorb the 
incident laser light. This energy is transferred to the atomic lattice inducing melting and 
vaporisation of the sample material. Different chemical elements have different latent 
heats of vaporisation and thus strong fractionation is induced via this mechanism. When. 
a shorter wavelength is used the ablation is not so dependent on this thermal 
mechanism. Instead, .when the photon energy is higher than the bonding energy between 
atoms, the laser radiation can directly break the atomic lattice. This non-thermal 
mechanism induces ion and atom ejection without heating effects, thereby greatly 
d . fr' . 44 45 re ucmg actlOnatlOn. ' 
The laser beam can interact with the expanding plume of plasma which is created at the 
early stage of the ablation process. When this occurs, the laser energy can be strongly 
absorbed or strongly reflected by the plasma. This process is known as plasma shielding 
and is known to be strongly dependent upon the wavelength of the laser used. Again 
shorter wavelength lasers are preferred since they are able to penetrate the plasma with 
greater efficiency, reducing plasma shielding and directly initiating bond breaking 
within the sample. Shorter wavelengths thus enable a larger ablation rate and less 
fractionation.46,47 
The influence of laser wavelength on analytical performance has been investigated by 
. h 27 43 48-51 Ith h . . d fr h . .. many researc groups,." a oug companson ata om suc mvesttgattons can 
often be misleading since the comparisons of wavelengths are often for different 
samples, different laser energies and spot sizes, different ablation cell designs, flow 
rates and often ICP-MS conditions. For a fair comparison all laser, sample and system 
parameters should be similar. 
The Laser Mode 
Pulse lasers can operate in either the free running mode or a Q-switched mode. The free 
running mode, which is the simplest mode of laser operation, produces relatively long 
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laser pulse widths (typically 10 -lOO Ils) and has in the past been used successfully for 
LA-ICP-MS. If employed, this operating mode can cause significant cratering of the 
sample and ejection of material primarily as particulates. 
The Q-switched mode tends to produce laser pulses of much shorter duration and at a 
much higher peak power. For this reason the Q-switched laser is thought to yield a 
greater proportion of material in the vaporised state. They use an optical switch (Q-
switch) to concentrate the laser output energy into giant pulses. 
In Q-switching, a shutter is placed in the cavity which prevents reflection between the 
mirrors. This leads to little stimulated emission (referred to as low Q), and allows a 
large population inversion to build up. When the shutter is opened (high Q), this large 
population inversion is "swept" out of the cavity as a single, high intensity pulse.52 
Q-switching can give pulse lengths down to about 5ns, with pulse energies in excess of 
3 J. The mechanism is shown in Figure IS. 
(a) Low Q 
(a) High Q 
< ................ __ .............. _ .. Non-resonant cavity ...................... · .... · ............ ·> . 
Mirror Partial mirror 
<E ................................................. Resonant cavity· .................... · ...... ·· .... ·· ...... ·· .. ··> ;, 
Laser mediwn 
S' -'~jI 
LASER 
PULSE 
Fignre 15 The principle of Q-switching. (a) Low Q, the excited state is populated while the cavity is 
non-resonant. (b) High Q, the resonance characteristics are suddenly restored, and the stimulated 
emission emerges as a giant pulse.51 
Typically, ablation yields are significantly lower using the Q-switched mode by one or 
two orders of magnitude although signal strength at the detector is only reduced by one 
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order of magnitude. As well as sensitivity and precision there are also practical aspects 
of equal importance to consider. including build-up of particulate matter in the ablation 
cell, transport lines and inlet system of the ICP-MS system. Generally speaking, 
Q-switched lasers are now preferred to the free running laser because of an improved 
'coupling' with the sample surface .. 
Laser Pulse Duration 
Previous LA- work utilised nanosecond pulsed laser systems. However, there is now a 
trend towards shorter laser pulses of femtosecond duration35: 36, 53-70 due to evidence 
suggesting a potential for reduced elemental fractionation. 
The processes involved in the ablation of material from a sample e.g. a metal, must first 
be considered. The free electron gas of the metal is rapidly heated due to the effect of 
the laser pulse. The energy of this hot electron gas is then subsequently transferred to 
the sample lattice and thermalised in the bulk. The actual mechanism for removal of the 
material is thought to be thermal melting and evaporation or some kind of explosive 
evaporation. The electron heating and thermalisation is thought to take approximately 
100 fs with cooling of the hot electron gas and energy transfer to the lattice lasting a few 
ps. Thermal diffusion into the bulk takes place at a time of 10-11 s and finally the onset 
of thermal melting and subsequent ablation occurs after 10-10 S.53, 54 
Hence a laser pulse with duration longer than a few ps will interact with different 
transient states and with the plasma formed above the sample surface (plasma shielding 
occurs). Under such circumstances the main part of the material is evaporated from the 
molten metal· and fractionation occurs due to preferential volatilisation of different 
elements within the sample with different melting temperatures. 53, 54 
In comparison, if ablation involves a laser of pulse duration no longer than 100 fs then 
the laser only interacts with the electron sub-system of the sample_ The laser pulse is 
long over before the sample undergoes any changes in thermodynamic state. In this 
scenario most of the laser energy is transferred into the sample and converted into 
kinetic energy of the ablated materiaL Due to the high intensity of the femtosecond laser 
pulse and the short pulse duration in comparison with the phonon relaxation time of the 
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sample, the laser and material interaction involves nonlinear processes. Multi-photon 
and tunneling ionisation processes· dominate the interaction and heating of the sample 
lattice is minimised. Sample heating is a major cause of elemental fractionation and is 
greatly reduced in femtosecond ablation. 53, 54 
As discussed another major contributor to elemental fractionation and energy loss is 
plasma shielding. Since a femtosecond laser pulse cannot interact with the plasma 
leaving the sample surface all the laser energy is deposited in the sample surface region. 
The femtosecond laser pulse ceases before the material can escape the sample surface 
and hence no interaction occurs. 53, 54 Femtosecond LA is becoming more popular and is 
now used for many applications due to the ability to ablate extremely well defined 
craters whilst greatly reducing elemental fractionation effects and its use has been 
recently reviewed by Hergenroder. 
Laser Beam Profile 
Another factor that can influence mass removal from the sample surface during LA is 
the laser beam spatial energy profile. Nd:YAG lasers usually possess a Gaussian beam 
profile and hence can be easily focused to a small beam area; whereas excimer lasers 
generally possess a flat top beam profile. 
The laser beam spatial energy profile greatly affects the shape of the ablation crater 
formed. Using a Gaussian profile the crater becomes cone-like after hundreds of 
pulses; 71 whereas using a flat top beam profile i.e. an excimer laser, will generally 
produce straight wall craters. Both Nd:Y AG and excimer lasers are capable of 
producing flat bottom craters if the correct imaging optics are employed. 
It has been shown that the shape of the crater walls produced in the ablation influences 
the depth resolution and that fractionation may become more significant with the 
development of the ablation crater.15, 71 The degree of elemental fractionation is not 
strictly related to the beam profile employed and cannot be completely eliminated by 
employing a flat top laser beam profile. 
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Laser Focusing and Steering 
In order for LA to be effective, the energy of the laser must be directed and focused 
upon the sample of interest which is contained inside an ablation cell. Mirrors and 
prisms are used to direct the laser beam to the sample. Such mirrors will often have a 
dielectric optical coating on a highly polished substrate. These produce very high 
reflectivity for the design wavelength, in excess of 99% at the specified angles of 
incidence and reflection and also have high transmission for other wavelengths. Mirrors 
such as this are thought of as very robust and long lasting. 
Once the beam has been directed towards the sample it must then be focused onto a 
small area of the sample surface. For a Nd:Y AG laser the spot size can be controlled by 
adjusting the laser focus and the incident energy simultaneously; whereas in most 
excimer systems an aperture imaging system is often used in which the spot size is 
defined by the size of the focused image of an aperture placed at an appropriate position 
within the optical path. When changing the aperture size the spot size changes 
proportionally whilst maintaining a constant energy density on the sample surface. 
There are two main types of focusing objective used, refracting and reflecting. Within 
each type a wide range of models are available; the choice of which depends on its 
analytical application and subsequent requirements such as, wavelength and power, 
magnification, focal spot size, working distance and fmally cost. 
Refracting Focusing Lenses 
Refracting focusing lenses are potentially iess robust than reflecting objectives since 
they are much more prone to damage through absorption by impurities or imperfections. 
In order to reduce damage specialist ni.aterials such as UV grade synthetic fused silica 
(or other UV transmitting materials) must be used. Although not providing high 
focusing or visual imaging performance due to various lens aberrations, simple single 
element lenses are readily available at relatively low cost and are considered 
consumables by many users. 
Cemented multi-element refracting lenses provide much improved focusing and 
imaging properties and work well for most low power, IR and visible systems. The 
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major drawback to such lenses is that the organic cements used in their construction are 
extremely susceptible to laser damage. Air spaced compound lenses with very good 
focusing and imaging properties are available with high laser handling properties, even 
in the UV and come highly acclaimed by many users. 
Reflecting Objectives 
Reflecting objectives are an alternative to standard refracting lenses. When appropriate 
dielectric reflective coatings are applied on a visible light reflective surface, such 
objectives can be applied to high power laser applications, whilst maintaining imaging 
capabilities. Such objectives are potentially very long lived.. Other advantages 
associated with their use are that they provide very high magnification and long 
working distances. Working distance is described as the distance between the lens or its 
mount and the point of focus. Very good visual imaging is obtainable since these 
objectives have an absence of chromatic aberrations. Chromatic aberration is the 
focusing of different wavelengths at different distances. 
The use of reflecting objectives has some major disadvantages however. With a 
standard dielectric coating they can only be used at one wavelength and they suffer an 
inherent transmission loss, whilst producing a strongly ~onvergent beam with a small 
depth offocus. Such reflecting objectives are typically very expensive. 
The Ablation Cell 
In general an ablation cell must consist of a window, an ablation chamber and an 
adjustable platform on which the. sample sits. This cell must allow the laser energy to 
enter and become focused upon the sample. It must also contain ports for the entry and 
exit of a carrier gas that is used to sweep the ablated material into the ICP. The cell is 
gas tight to avoid sample losses and the introduction of atmospheric gases. The use of a 
wide variety of ablation cells has been described in the literature e.g. the 'Arrowsmith 
type' ablation cell,72 the 'Jet Cell' as described by Jackson,73 the High Efficiency· 
Aerosol Dispersion (HEAD) cell as described by Pisoner074 and even cryogenic ally 
cooled cells for biological applications and ablation of gel plates.7s However, there is 
still room for improved cell design, especially for specific analytical applications. 
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Ablation Cell Volume 
It is desirable to have fast and efficient transport of the sample from the ablation cell 
and this can normally be achieved with good gas flow dynamics; typically small 
chambers with high gas flow velocities are used. However, it is also desirable to have a 
cell which provides adequate volume for dilution and mixing of the sample pulses in 
order to achieve a fairly stable input into the ICP. Importantly, the cell design must 
allow flushing of the cell to remove residual atmospheric gas following swapping of 
samples, otherwise a mixed gas plasma will temporarily occur. 
The most important requirement of an ablation cell is that it must be capable of 
accommodating the sample. Ideally the cell should be capable of accommodating 
several samples as well as calibration and reference materials to avoid regnlar opening 
. of the cell and therefore provoking less constant ICP operating conditions. There are 
cases when the cell volume needs to be kept to a minimum in order to avoid over 
dilution of the sample; this is especially the case for the analysis of very small samples 
such as fluid inclusions. The volume ofthe ablation cell used depends very much on the 
application and the nature and size of the sample involved. 
Ablation Cell Windows 
The ablation cell must contain a window that allows entry of the laser energy so that it 
can be focused upon the sample of interest. The window must be transparent to the laser 
wavelength; optical quality glass is used to achieve this or for UV lasers synthetic fused 
silica. When high energy lasers are used, back reflections may cause harm to the laser 
system and for this reason the window is often mounted at a small angle to the incident 
laser beam. This is not necessary for low energy applications. 
If the laser operator wishes to observe transparent samples using transmitted light then a 
second window is required that is transparent to visible light. This is placed in the 
bottom of the cell. Good ablation cell design will incorporate a method of easily 
replacing the cell windows in case of damage. 
The Sample Stage 
In a typical ablation cell the sample sits on an adjustable platform within the cell. This 
adjustable platform allows precise positioning of the sample within the cell in the X, Y 
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and Z directions and is typically under computer control. With such an adjustable 
platform, displacements as small as a few microns can readily be achieved without any 
difficulty. The adjustable platform allows different tasks such as depth profiling, spatial 
profiling, surface and bulk analysis when combined with precise timing between 
individual laser pulses. 
The Transfer System 
The sensitivity of an ICP-MS instrument partly depends on the amount of material 
successfully transported from the ablation site to the plasma source for ionisation. A 
measure of this is the transport efficiency. In addition to the transport efficiency, the 
particle size distribution of the aerosol produced has a pronounced affect on the 
sensitivity of the instrument. This effect on sensitivity occurs since the size of the 
particle has an influence on the ionisation capabilities of the plasma. 
Ablated material is transferred to the ICP via a carrier gas along a length of plastic 
tubing. Both the nature of the carrier gas used to sweep the ablated material into the 
ICP, and the length of connective tubing play a part in the transport efficiency achieved 
by the system. Several studies have indicated that the efficiency of transportation can 
vary from 10 to 20%, with efficiencies of up to 40% being reported. However, such 
efficiencies are notoriously difficult to determine with any accuracy. 
Effect of the Carrier Gas 
The ablation chamber is flushed with an inert gas in order to transport the ablated 
material to the ICP. Ar and He have been employed to do this, with the latter gas 
providing improved ablation and transport rates, with a reduction in background.17, 39, 76 
Horn et al. 39 investigated the influence of the carrier gases, Ar, He and Ne on particle 
size distribution and transport efficiency of laser induced aerosols. Their results 
illustrated the differences in particle size distribution transported in Ar, He and Ne 
atmospheres using both 193 and 266 nrn laser wavelengths for ablation. 
It was found that ablation in a He atmosphere produced significantly smaller particles 
on all materials tested, for both wavelengths and thus an associated gain in instrument 
sensitivity was recorded using He as a carrier. It was also shown that the gas 
-79 -
Chapter Two 
environment may contribute to the control of condensational or coagulation growth of 
particles after the laser impact. Hence, the use of Ar, He or Ne. could influence the 
growth of particles condensing from the vapour. The study showed that the laser 
induced plasma is significantly smaller in He than with Ar. This combined with the 
higher thermal conductivity of He, allows a faster spread of thermal energy from the 
sampling site, leading to a rapid end in condensational growth of particles and a 
subsequent shift towards smaller particle size distribution occurs. 39 
Connective Tubing 
Both the length and internal diameter have an affect on the transport efficiency of 
ablated material. Large diameter tubing has the advantage of an increased ratio of gas·· 
volume to tubing wall area, minimising the number of sample particles that collide with 
the tubing wall and are subsequently lost, leading to a reduction in system sensitivity. 
Conversely, a narrow tubing diameter may also be desirable since it provides an 
increase in linear gas velocity which reduces the time used to transport the ablated 
material consequently reducing loss of sample due to gravitational settling. In reality, it 
is necessary to reach a compromise between the two extremes resulting in reasonably 
efficient sample transfer. 
It is necessary to regularly change the transfer tubing so that memory effects can be 
reduced. These memory effects arise as sample becomes deposited upon the walls of the 
tubing, providing a long term, source of contamination. The frequency of change 
depends very much on the type of sample and the volume of sample ablated. A need for 
tubing change is often indicated by spurious spikes in the gas blank signal. 
Ancillary Equipment 
It is necessary to have some means of viewing the sample during LA. Viewing of the 
sample is vital not only to allow careful selection of the sampling sites, but to observe 
the ablation process itself. In a typical LA system this is achieved through the use of a 
TV camera and monitor. Many of the systems available facilitate focusing of the laser 
by configuring the TV optics so that the laser is focused on the sample when the sample 
height is adjusted to produce a focused TV image. More sophisticated systems, 
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particularly those used for high resolution sampling, incorporate a microscope into the 
laser sampler, providing a wide range of additional viewing capabilities. 
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Sample Requirements 
The major advantage offered by LA sampling is that it is extremely versatile in its 
sample requirements, allowing almost all materials to be efficiently ablated. The only 
prerequisite is that the sample type be compatible with the ablation cell used. 
Sampling by LA can be divided into two types; bulk sample analysis, in which the beam 
is focused into a spot generally larger than 100 jlm and microprobe analysis, in which 
the beam is focused into a spot diameter generally smaller than 100 jlm. Table 1 shows 
a comparison of the two sampling techniques.5 
Table 1 Characteristics of the two sampling strategies offered by LA-ICP-MS; bulk sampling and 
microprobe analysis. 5 
Characteristic Bulk sampling Microprobe analysis 
Laser pulse energy 1O-IOOmJ FewmJ 
Typical crater diameter 0.1- I mm 5 - IOOllm 
Volume sampled 0.0008 - 0.8 mm' 100 - 800000 IIm' 
Mass ablated 2l1g- 2mg 0.25 ng - 21lg 
Typical detection limits ppm-ppb - pp! ppm-IOppb 
Bulk Analysis 
In bulk analysis of a sample the idea is to obtain a result representative of a large sample 
without the need for digestion. In this scenario it is presumed that the small quantity of 
material ablated and carried to the ICP-MS is representative of the whole sample. In 
order for this presumption to be valid the sample must be highly homogenous. 
Therefore samples for bulk analysis are often homogenised. 
Microprobe Analysis 
Microprobe analysis is a very exciting application of LA and is enabled due to the 
focusing characteristics of lasers allowing sampling of very small areas. In this 
technique very small volumes of a sample are analysed so that instead of attempting to 
obtain a representative of the bulk sample, the compositions of many discrete portions 
that make up the larger sample are determined. This allows spatially resolved studies to 
become feasible with spatial resolution typically as low as 5 - 60 jlm. 
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When using LA as a spatial resolution technique, the only real concern of sample 
preparation involves being able to visually identifY the target for ablation. Hence thin 
wafers of the sample. are often mounted on a glass slide to allow transmitted light 
viewing or polished sections for reflected light viewing. Another concern is the 
presence of any polishing materials such as Pb, trapped in any imperfections within the 
sample surface. Such materials can be removed by ultrasonic cleaning of the sample. 
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Calibration Strategies 
Unfortunately there is no universal method of calibration for LA-ICP-MS and hence 
accurate and precise quantitative analysis remains a challenge for a wide variety of 
sample types. Many types of calibration strategies exist, although generally these can be 
classified into the following groups. 
Matrix Matched External Calibration 
To allow accurate quantitative analysis by LA-ICP-MS matrix matching of the external 
standards and the sample is extremely important. This is due to the fact that the ablation 
rate of the target can vary greatly with even slight changes in the target matrix.· Ablation 
rate is defined as the mass of sample ablated per laser pulse and even a small difference 
in the target matrix can result in variations of around 50%. Quantitative analysis 
employing external calibration requires reference materials that are closely matrix 
matched to the sample type, with respect to elemental composition and physicochemical 
characteristics. 
Although certified reference materials are available for some applications, including 
glasses and metals, they certainly do not cover all types of sample matrix. Because of 
this lack of certified reference materials, many laboratories prepare there own matrix 
matched, in-house calibration standards, typically by one of two approaches. 
The first approach is fusion to form a glass bead.77-85 In this approach, high 
temperatures are generally required to melt and fuse the sample or standard. Since the 
homogenisation occurs in the liquid phase, this type of sample preparation results in a 
highly homogenous glass bead; however the high temperature involved can be 
detrimental as it often results in the loss of volatile analytes from the bead. If a flux is 
used, such as lithium metaborate, then these temperatures can be reduced, minimising 
analyte loss due to volatility; although, the use of an extra reagent increases the risk of 
contamination. 
The second approach is to press. a powdered sample into a disc.78-80, 83, 86-96 In this 
approach the sample is ground and homogenised, before subsequent pressing e.g. under 
pressure in a mechanical IR press. The use of binders, such as high molecular weight 
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alcohols and plastic resins including phenols or polyethylene can greatly improve the 
mechanical stability of the disc. Although less time consuming· than the glass bead 
approach, pressed discs are often less homogenous in terms of elemental distribution 
since the homogenisation step does not occur in the liquid phase. However, the use of a· 
mixer mill can now produce discs of adequate homogeneity for the majority of LA 
applications, especially if a large laser spot diameter is employed with either line or 
raster analysis . 
. External calibration is a technique of quantification that is particularly well applied to 
samples with a metallic matrix and external calibration is often considered relatively 
easy for such sample types. There is a broad range of metal standards widely available, 
which are considered to closely match many sample types in terms of physical and 
chemical properties. Such standards must be carefully chosen to match the sample of 
interest so that elemental fractionation does not occur or is similar in the standard and 
sample alike. 
These above studies have shown that since the ablation yield can vary by as much as 
50% between sample and standard, poor analytical data is obtained unless the 
calibration standards are prepared to exactly match the sample or an internal standard 
element is used to correct for these large differences in ablation yield. A major 
advantage of standard preparation of this type is that it facilitates addition of internal 
standard elements, isotope spikes or even matrix modifiers to improve the absorption 
characteristics of the standard.37.97.99 
Internal Standardisation 
Even where such reference materials, which closely match the sample of interest, are 
available, calibration by this method still often results in poor analytical data. A much 
more robust method of calibration can be achieved through the addition of an internal 
standard. The use of such an internal standard allows a correction to be applied to the 
differing ablation yields between the reference material and the sample of interest. 
Matrix effects and signal drift within the ICP-MS can also be corrected for with this 
technique of calibration. This latter correction is of particular relevance to bulk 
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sampling using LA-ICP-MS whereupon vigorous ablation often results in heavy loading 
of the ICP, often resulting in significant matrix effects and instrumental drift. 
Direct solid analysis of a sample in the natural state requires the use of a naturally 
occurring internal standard. In such circumstances, the internal standard of known 
concentration is often the major constituent of the sample matrix. The concentration of 
the internal standard may have been determined via an alternative technique or via 
estimation from the known. stoichiometry of the material; the latter is mostly of 
importance in geological applications. Frequently the major constituents of such 
naturally occurring materials are of low atomic mass and consequently do not allow 
corrections for ICP-MS matrix and drift corrections. However, for microanalysis, 
whereupon the amount of ablated material is small, such matrix and drift effects can be 
considered insignificant. Therefore, this method of calibration can provide accurate 
results. 
A good internal standard will have similar ablation characteristics to the elements that 
are being determined and because of the mass dependency of matrix and drift effects in 
ICP-MS analysis, the internal standard should ideally be in the mid-mass range and also 
have a similar ionisation potential to the analyte of interest. It is extremely important 
that the element used as an internal standard be homogenously distributed throughout 
the matrix. 
Dual Sample/Standard Introduction 
It is possible to mix the carrier gas flow from the LA cell, before entering the ICP, with 
an aerosol generated by standard solution nebulisation.lOo In. this scenario, standard 
reference materials can be introduced via solution nebulisation simultaneously with the 
ablated material from the sample: The major advantage with this method of calibration 
is that it offers great flexibility with respect to the composition of the reference 
materials used, whilst also facilitating optimisation of the ICP-MS operating conditions .. 
Hence dual sample-standard introduction is often an attractive alternative to finding 
suitable matrix matched solid reference materials. 
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The plasma produced with conventional LA is 'dry' relative to that produced using 
'wet' sample introduction procedures. The advantages of employing a dry plasma (such 
as reduced oxide interferences) are therefore somewhat reduced when using this method 
of calibration. In order to reduce such solvent related interferences and regain some of 
the advantages of employing a dry plasma, the solution aerosol can be desolvated before 
entering the ICP. 8S• 101·104 However, the plasma fonned in this case has a variable 
composition, dependent upon the matrix of the ablation target; hence, a variable sample 
matrix will produce varied sample loading. When no desolvation is employed, resulting 
in a wet plasma, 'plasma conditions are standardised since water is always the dominant 
plasma species. Water dominates the plasma loadi~g and only small perturbations are 
caused by the sample matrix, leading to reduced matrix effects. 10s This method of 
calibration is described in greater depth in chapter three. 
Direct Liquid Ablation 
Recent trends in LA-ICP-MS have highlighted the necessity of high spatial resolution, 
typically requiring craters of less than 10 Ilm to be ablated. For this purpose most in-
house produced solid reference materials are not adequate since the trace element 
content is typically heterogeneous in distribution at such scales. As discussed, dual 
sample-standard introduction techniques have been developed and successfully applied. 
However, drawbacks associated with this technique include; interferences due to oxide 
fonnation (arising from wet solution nebulisation) and reduced sensitivity due to 
dilution of the dry laser aerosol. Severe matrix effects may arise from the totally 
different fonns in which the sample and standard material enter the ICP. Work has been 
perfonned to assess the calibration capability of direct ablation of liquid standard 
solutions.106• 107 Calibration via this technique is limited by the two totally different 
matrices involved and subsequently totally different ablation characteristics. However 
the method has the advantage that standards are very easily produced, are totally 
homogenous in their trace element distribution and offer a clean, renewed surface for 
ablation every time. Hence spatial resolution analysis is not limited by the heterogeneity 
of reference materials. 
Giinther et al. 107 demonstrated the potential for direct liquid ablation as a calibration 
strategy for LA-ICP-MS. In this study different solutions were used for the quantitative 
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analysis of NIST 610 and 612' glasses. Fractionation and matrix effects were 
investigated with the use of high and low salinity aqueous calibration standards and 
finally the particle size distribution was monitored to interpret the ablation behavior of 
two such different matrices. Sodium was used as an internal standard for all elements 
and Yb as an internal standard for rare earth metals only. In this study 75 out of 96 
determinations were within 10% of the expected values and there was no difference 
between the values based on Yb and Na as internal standards. Particle size distributions 
were measured and the contribution towards total ablated volume was calculated; this 
was used to explain the similar ablation characteristics of the liquids and solids. 
Boue-Bigneet al. 106 described the development of a new technique of calibration using 
. direct liquid ablation. In this technique aqueous standards were ablated after the 
addition of a chromophore to modify their absorption characteristics. Using such a 
technique a more desirable coupling was achieved between the aqueous standards and 
the laser energy. The purpose of the chromophore was to improve laser energy 
coupling to the standards in such a way that the threshold ablation fluence was reached 
within the surface layers of the liquid, producing a much finer aerosol. The calibration 
was· applied to NIST glass reference materials and also a sample of low density 
polyethylene (LDPE). It was found that the calibration was indeed possible and all 
calibration curves produced had a correlation coefficient greater than 0.993. Results 
obtained via this calibration technique were in good agreement with data obtained via 
digestion ICP-MS, furnace AA and previous work. The major advantage described by 
Boue-Bigne et al. is that simple variation of the additive concentration of chromophore 
allows the standard to be ablated at an energy that is optimal for the sample. This 
effectively means that the technique could be widely applicable to a variety of sample 
types. 
The use of direct liquid ablation of standards provides many practical benefits. These 
include; aqueous standard solutions are much easier to . prepare than solid· standards, 
their elemental composition is much more readily varied, trace element distribution 
within the standard is homogeneous and they offer a renewed surface for ablation each 
time. 
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Isotope Dilution 
The absolute quantitation technique of isotope dilution can be combined with the solid 
sampling tool of laser ablation. Two approaches have been demonstrated to perform this 
task. 
The· first approach as reported by Becker et al.108-110 uses the dual sample/standard 
approach as described in chapter three and hence the aqueous isotopic spike is 
introduced online using a nebuliser and spray chamber arrangement. 
The second approach as developed by Heumann et al.1l1-116 incorporates the isotopic 
spike into a powdered sample before subsequent pressing into a disc. 
To avoid repetition the readers attention is diverted to chapter five, in which the theory 
and application of Laser Ablation Inductively Coupled Plasma Isotope Dilution Mass 
Spectrometry (LA-ICP-ID-MS), is discussed in detail. 
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Chapter Conclusion 
The review has provided an overview of LA for analytical chemistry with particular 
emphasis on its application to LA-ICP-MS. Attention has been focused upon methods 
of calibration and upon fractionation effects within LA; with particular emphasis being 
placed upon factors which affect the robustness of the analytical process for quantitative 
measurement by ICP-MS. 
LA-ICP-MS has proved to be one of the most powerful analytical tools that can provide 
nearly non-destructive solid sampling and determine a large number of elements with 
low detection limits in a wide variety of sample types. Calibration of the technique still 
remains a challenge; however, with continued research LA will find many additional 
applications in analytical chemistry. 
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Chapter Abstract 
This chapter describes the theory of online additions of aqueous standards for 
calibration of LA-ICP-MS. Establishment of a calibration curve enabled investigation 
of: fractionation, matrix effects, mass flow ratios and the relative merits of wet and dry 
plasma conditions for laser ablation sainpling. It was found that a wet plasma was much 
more tolerant of increased sample loading and larger particle size, without reducing 
plasma robustness, leading to less severe and more constant mutual matrix effects. 
These findings indicate that the online addition of water is the preferred mode of 
operation for quantification by LA-ICP-MS. 
The analytical performance of the method was validated by the analysis of three 
certified reference materials: National Institute of Standards and Technology (NIST) 
612 Trace Elements in Glass, European Reference Material (ERM) 681 Trace Elements 
in Polyethylene and British Chemical Standards (BCS) No. 387 Nimonic 901 Alloy .. 
Analysis ofNIST 612 was performed under both wet and dry plasma conditions and the 
correlation with certified elemental concentrations was much better when a wet plasma 
was employed. Analyses of ERM 681 and BCS No. 387 were performed under wet 
plasma conditions, due to its proven advantages. The differences between the 
determined and certified elemental concentrations varied between 1 - 10% for the 
majority of elements, for all three certified reference materials. 
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Introduction 
LA-ICP-MS has become the most versatile technique for the direct determination of . 
trace elements in a wide variety of solid sample types. It has particular application for 
the determination of trace elements in sample types such as metals, rocks, polymers and 
ceramics, and avoids the risk of contamination associated with complex digestion 
. procedures.' 
The limitations of LA-ICP-MS are well known; namely elemental fractionation and a 
lack of certified reference materials (CRMs) for the majority of sample types. 
'In-house' synthetic standards can be prepared for this purpose, although their 
preparation is often time consuming and expensive, and they are frequently 
compromised by in-homogenous distribution of elemental composition. In the absence 
of solid calibration standards, aqueous calibration standards have been employed for 
quantification. Such aqueous standards can be ablated directly, with! or withour the 
. presence of an organic chromophore to improve coupling between the laser and solution 
or more commonly they are introduced online via a nebuliser and spray chamber in 
what is referred to as the "dual sample/standard approach". 
Dual sample/standard calibration 
The dual sample/standard approach, first proposed by Thompson et al., 3 can provide 
quantitative data in the absence of solid calibration standards. In this calibration 
approach, the aerosol generated by laser ablation of the target is combined with the 
aerosol generated by solution nebulisation of an aqueous calibration standard. 
The limitation of this approach is the different sample and standard matrices that result 
in differing atomisation and ionisation characteristics within the ICP. Namely, ablated 
particles have larger mean diameters and size distributions than those particles produced 
by solvent evaporation from a wet aerosol.4-6 Consequently, these particles are 
vaporised along an extended region of the ICP, ·leading to wider ion density 
distributions along the central channel for LA in comparison to solution 
nebulisation.7,8 
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The dual sample/standard approach, using a wet or a dry plasma, requires internal 
standardisation to compensate for the different mass transport rates of the tWo sample 
introduction sources. Consequently, an element of known concentration and 
homogenous distribution must be present in the sample. However, this may not be as 
restrictive as at first may seem, since a matrix element of known concentration (from 
stoichiometry or previous analysis) is often available. 
In its simplest form, dual sample/standard introduction produces a wet plasma, leading 
to the possibility of spectral interferences such as oxides and hydroxides derived from 
the use of water as a solvent. In this context the term "wet" refers to a plasma in which 
the liquid phase aerosol and vapour phase water are present, i.e. the classical wet plasma 
produced in solution analysis. Normally, desolvation of the standard aerosol is 
employed so that it more closely matches the sample aerosol.9•15 However, the plasma 
formed in this case is referred to as being "dry", and has a variable composition 
depending upon the matrix of the ablation target; hence variable sample matrix will 
produce varied sample loading. In contrast, a wet plasma produces more standardised 
conditions with a single dominant plasma species i.e. water; thus water dominates the 
plasma loading and only small perturbations are caused by the sample matrix leading to 
reduced matrix effects. 
Whereas the absence of oxides and hydroxides may be necessary for the accurate 
determination of isotopic ratios, the standardised plasma conditions offered by 
employing a wet plasma may be of greater benefit for routine analysis by LA-ICP-MS. 
Koch et al. 16 observed that the 65Cur6Zn ratio from brass using LA-ICP-MS with dry 
plasma conditions differed to the ratios obtained using wet plasma conditions. This was 
also confirmed by Boulyga et al. 17 who reported that the 65Cur6Zn ratio obtained by 
LA-ICP-MS using wet plasma conditions, was closer to the ratio obtained with a 
traditional digest and solution based nebulisation, than using dry plasma conditions. 
These differences can probably be attributed to differential fractionation within the ICP, 
between dry and wet plasma conditions, due to different atomisation and ionisation 
conditions. 
- 109-
Chapter Three 
This work develops the theory of the online dual sample/standards technique and 
provides a comparison between the use of wet or dry plasma conditions. A strategy was 
devised using online, multi-point aqueous calibration, allowing the investigation of 
fractionation, matrix effects and characterisation of a mass flow ratio representing the 
ratio of mass transport between the two sources. 
Theory of Online Additions 
Nomenclature 
/ 
C 
~Io 
S 
• 
m 
= Intensity or ion count rate 
= Concentration 
= X -axis intercept at I = 0 
= Sensitivity 
= Mass flow rate 
Superscript 
s = Solid or sample 
L = Liquid standard 
S+L = Solid in the presence of the aqueous standard aerosol 
Subscript 
I 
A 
= Internal standard 
= Analyte 
Generally the calibration function for an ICP-MS instrument is written as: 
/= CS (5) 
The sensitivity (S) factor can be split into two terms; a true instrumental sensitivity term 
i.e. the response of the ICP-MS instrument per unit mass (strictly speaking molar 
quantities should be used since these directly represent the number of atoms sampled) of 
a specified element and a mass flow rate term representing the flux of sample or 
standard. Thus for an analyte in the sample substrate, Equation 5 becomes: 
(6) 
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Dimensional analysis of Equation 6 is instructive in understanding the meanings of the 
individual terms, thus: 
counts uS f!A counts 
=o...X-SX 
S s g gA (6b) 
Note how the cancellation of dimensions is between, rather than within terms, 
indicating the inherent separation of sample and analyte quantities. 
For online additions the overall intensity is the sum of the intensity contributions from 
the sample and from the standard, in accordance with a standard additions type 
calibration. Hence: 
(7) 
Note that two sensitivity terms are present; one, S;. , representing the sensitivity of the 
aqueous calibration curve; and the other, s",/L, representing the sensitivity of the online 
additions calibration curve i.e. the sensitivity of the combined solid sample and aqueous 
standard. Plotting lA against Ci yields a graph as shown in Figure 16, with slope of 
oL,J.. oS,s+L-S 
mA.}A and Intercept ofmA.}A cA. 
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Figure 16 A representation of the curves obtained by aqueous calibration and online additions 
calibration. In this simple scenario there are no mutual matrix effects, as indicated by the parallel 
curves, hence SL = SS+L. 
Extrapolation of the online addition curve to lA = 0, and rearrangement of Equation 7, 
yields the concentration of the analyte in the sample as: 
(8) 
~Io, which is negative, is taken directly from the graph, and it remains to determine the 
°L 1. 
mass flow ratio, :~ , since the sensitivity ratio, :f.~L , can be calculated from the slopes 
mA· A 
of the two curves. It is this sensitivity ratio that can be used as a direct indicator of 
mutual matrix effects, i.e. two parallel curves indicate no mutual matrix effects, whereas . 
any divergence or convergence indicates mutual matrix effects are occurring. The mass 
flow ratio can be determined by performing online additions for an internal standard 
element; hence, Equation 8 can be written as: 
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.L 
cJ m[ 
.s - I; d: m[ (9) i+L x [10 
[ 
Knowing cJ, the mass flow ratio can be determined. For this to be useful in solving 
Equation 8, it is necessary to assume that: 
(10) 
That is, there is no elemental fractionation between the internal standard element and 
the analyte, since differing mass flow ratios are a direct measure of elemental 
fractionation. 
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A commercially available UP-213 Laser Ablation System (New Wave Research Inc., 
Huntingdon, Cambridgeshire, UK) operating in the deep UV (213 nm) was employed 
using He as a carrier gas due to its improved ablation and transport characteristics.1S•20 
Figure 17 shows the experimental arrangement used throughout the investigation. The 
sample aerosol from the LA system was combined with the standard aerosol from a 
PFA-IOO flL Fixed Capillary Nebuliser (Elemental Scientific Inc., Omaha, Nebraska, 
USA) and custom made cyclonic spray chamber, using a polypropylene 'Y'-piece 
(Fisher Scientific, Loughborough, Leicestershire, UK). With this arrangement a wet 
plasma resulted. When a dry plasma was required, the nebuliser and spray chamber was 
replaced with a MCN-6000 sample introduction system (CETAC Technologies, Omaha, 
Nebraska, USA) for desolvation of the standard aerosol. The two I m, TygonTM, sample 
introduction lines were combined, using a polypropylene 'Y' -piece, I m before the ICP 
torch. A further cyclonic mixing vessel was placed immediately before the ICP torch. 
This was placed in the Peltier chamber of the PQ ExCell and was cooled to 5 °C as in 
standard operating mode. The gas flow, carrying the combined sample and standard 
aerosol, was introduced tangentially into this vessel to facilitate further mixing. 
A VG PQ ExCell ICP-MS instrument (Thermo Electron Corporation, Winsford, 
Cheshire, UK) was used throughout the investigation. Optimisation of the torch-box 
position, lens voltages and nebuliser gas flow was performed before analysis, with 
respect to the IISIn signal intensity obtained upon nebulisation of a I flg L·1 solution. All 
optimisation was performed at 1350 W. 
A He gas flow of 0.5 L min-1 was found to give optimum sensitivity and a good peak 
shape upon single shot ablation ofNIST 612 and importantly had no detrimental effects 
on the signal intensity obtained upon solution nebulisation when the two sample 
introduction sources were combined. This gas flow was increased to 0.7 L min-1 for 
experiments involving the particle separation device .. 
Table 2 lists the experimental parameters employed. The laser conditions were chosen 
to represent those typically used in of bulk analysis by LA-ICP-MS. 
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6 mm TygonTM tubing 
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Figure 17 The two different experimental setups employed: (A) aqueous standards introduced by 
standard solution nebulisation to produce a wet standard aerosol and (B) introducing the standard 
aerosol by solution nebuIisation with desolvation to produce a dry standard aerosol. 
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Table 2 Experimental parameters used in the investigation. 
Laser Ablation System 
Type 
Wavelength 
Pulse duration 
Fluence 
Repetition rate 
Sampling strategy 
Spot diameter 
Solid samples 
Sample translation rate 
He gas flow 
Solution Nebulisation 
Nebuliser 
Ar carrier gas flow 
Spray chamber 
Desolvation System 
Type 
Ar carrier gas flow 
Sweep gas flow 
Spray chamber temperature 
Ilesolvatortemperature 
ICP-MS 
Type 
Auxiliary gas flow 
Cooling gas flow 
Peltier chamber temperature 
Plasma RF power 
Isotopes monitored 
Acquisition mode 
Iletector mode 
Channels per peak 
Ilwell time 
No. of sweeps 
No. of replicates 
Sample Preparation 
Solid Samples 
Solid state Nd:YAG, UP-213 
213 nm 
4ns 
\3 J cm·2 
20Hz 
Raster 
15-11O~m 
NIST 612 Trace Elements in Glass 
ERM Trace Elements in Polyethylene 681 
BCS No. 387 Nimonic 901 Alloy 
10 ~m s' 
0.3 - Lt L min" 
PFA-lOO ~LFixedCapi11ary 
0.95 Lmin-I 
Custom cyclonic 
MCN-6000 
0.95 L min" 
3.80 L min" 
75°C 
160°C 
PQExCell 
0.80 L min" 
12.00 L min" 
5°C 
1100-1600 W 
47Ti, 52Cr, sSMn, S9CO, 6SCu, 88Sr, 107Ag, llIed, 137Ba, 140Ce, 
I40CeI60, 2osTl, 206Pb, 208Pb, 238U, 238U160, 
Peak hopping 
Ilual range 
I 
lOOms 
lOO 
3 
NIST 612 (National Institute of Standards and Technology, Gaithersburg, Maryland, 
USA) Trace Elements in Glass was used when perfonning investigations into laser and 
plasma variables, due to its certification for a wide variety of trace elements. For 
method validation, NIST 612 Trace Elements in Glass, ERM 681 Trace Elements in 
Polyethylene and BCS No. 387 Nimonic 901 Alloy (42% Ni, 36% Fe, 12% Cr, 6% Mo 
and 3% Ti) were analysed. 1% HN03 (Romit Pure Chemistry, Cambridge, 
Cambridgeshire, UK) was employed as a cleaning solution prior to analysis. 
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Aqueous Standard Preparation 
Aqueous calibration standards, in a 1 % HN03 matrix, were prepared by serial dilution 
of elemental stock solutions (Fisher Scientific, Loughborough, Leicestershire, UK) 
using 18.2 MO cm-I purity water (Elga Lab Water, High Wycombe, Buckinghamshire,· 
UK). These standards contained the following elements: Ti, Cr, Mn, Co, Cu, Sr, Ag, Cd, 
Ba, Ce, TI, Pb and U at concentrations 0, 1,2, 5 and 10 Jlg L-1• 
Online Additions 
The online additions involved simultaneous introduction of aqueous calibration standard 
aerosols by solution nebulisation, with or without desolvation, and a laser ablated 
sample aerosol. In order to allow the investigation of matrix effects and calculation of 
the mass flow ratio, multiple calibration standards were used. The whole calibration 
series was nebulised (with He passing through the ablation cell) to yield a standard 
calibration curve. Then, ablation of the sample commenced and the aqueous calibration 
series was repeated, so that simultaneous introduction of sample and standard occurred. 
This procedure yielded two curves, as shown in Figure 1; one curve representing the 
contribution from the aqueous calibration standards only; and the other representing the 
contribution from the aqueous calibration standards in addition to the laser ablated 
sample aerosol. Comparison of the slope of the two curves enabled an investigation into 
the occurrence of mutual matrix effects, as explained above. The mean and standard 
deviation of the sensitivity ratios obtained from various isotopes (n = 14) was used as an 
indication of the extent and consistency of matrix effects. 
The Effect of Increasing Plasma Sample Load 
Data were acquired under different ablation and plasma conditions, including: ablation 
crater diameter and plasma forward power_ By increasing crater diameter and keeping 
the fluence constant, the ablated mass and consequently the sample loading of the 
plasma was increased. Further, since the fluence remained constant throughout the 
investigation, the ablation products should remain similar (particle size distribution 
etc.), leaving sample yield as the sole variable. Crater diameters of 15 - 110 Jlm were 
investigated. Experiments were performed using both standard solution nebulisation and 
solution nebulisation with desolvation to allow a comparison between wet and dry 
plasma conditions. 
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The Effect of Plasma Robustness 
The effect of plasma robustness on matrix effects was investigated by performing online 
additions under varying ICP forward powers, within the range of I lOO - 1600 W. This 
investigation was performed using fixed carrier gas flows. Although forward power and 
injector flow are recognised as being interdependent variables, it was felt that in these 
experiments changing the ArlHe ratio and hence the transport properties of the delivery 
systems might introduce too many additional variables. All experiments were performed 
using both standard solution nebulisation and solution nebulisation with desolvation to 
allow a comparison between wet and dry plasma conditions. 
The Effect of Particle Size 
As discussed in chapter two, the size of particles produced at the ablation process are 
known to have an impact on the nature and extent of plasma based elemental 
fractionation. Particle separation was performed to remove the larger particles, known 
to be incompletely vaporised by the plasma. 
Particle separation involved the use of a particle size separator as described by Figg et 
al.2\ and used extensively by Gunther et al.,22.24 to determine the effect of removal of 
larger particles from the aerosol stream on the occurrence and extent of matrix effects. 
The device consists of a TygonTM tubing insert with an internal diameter of 0.6 mm 
coiled around a glass rod of 4 mm diameter which separates particles based upon the 
effect of centrifugal forces. Larger particles experience a greater centrifugal acceleration 
and· impact with the tubing wall, whereas smaller particles· experience a smaller 
centrifugal acceleration arid can pass through the device. An aerosol with a smaller 
mean particle size can be selected by increasing the carrier gas flow, reducing the coil 
diameter or reducing the. tubing internal diameter .. Figure 18 shows the separation 
processes involved, whereas Figure 19. is a photograph of the separation device 
employed. 
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2. Larger particles 
experience a greater 
centrifugal force than 
the smaller particles. 
and move towards the 
tubin g wa lls. 
00 __ 
000 
1. Aerosol stream from the LA process 
consists of a mixture of large and small 
particles as they enter the coil. 
4. Resulting aerosol possesses a 
smaller mean particle s ize due 10 
separation of larger particles. 
Figure 18 Sc hematic of the separa tion process, wherein larger particles a rc separated from the 
aerosol strea m due to in creased centri fugal force. 
Figure 19 A photog raph of the separation device employed. 
To ensure that the device was acting as a particle stze se lector, pre liminary 
investigati ons were performed, using NIST 612. The particle separation device was 
placed 0.5 m before the ' V ' -piece in the LA sample introduction line as shown in Figure 
20. The He gas flow through the ab lation ce ll was varied between 0.3 and 1.1 L min· t to 
determine the highest gas flow that could be used to fac ilitate the efficient separati on of 
large particles without being detrimental to elemental sensitivity. 
The number of coi ls was varied between 0 - 30, and changes in sensitivity and 
elementa l rati os obtained upon ablation of NIST 612 were mon ito red , in particular the 
ratios U/Pb and UlTh which are of interest in geochrono logy and are prone to elementa l 
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fractionati on making the accurate measurement of the isotopic ratio notorious ly 
difficult. 
Ar 
Pclt;cr cooled mi xing vessel. 4° C 
Ar /;(7 
-------..... 
He 
-
Figure 20 The ex perimental arrangemen t employed for LA-ICP-MS using the particle separation 
device. 
The onli ne additions measurement was performed with the particle separa ti on de vice 
placed in the LA sample introd ucti on line, 0.5 m before the ' V ' -piece, and the e ffect of 
the number of co il s on matrix effects was in vestigated. Aga in, the mean and standard 
dev iation of the sensiti vity ratios obtai ned was used as an indicator for the extent and 
consistency of matrix effects . The in vestigation was perfornled using both wet and dry 
plasma conditions. 
Calibration Procedure 
Once the optimum ablation and plasma conditions were found, w ith respect to 
minimising matrix effects, the reference materia ls were ana lysed. First, using on line 
simultaneous sample/standard introduction for an in terna l standard element, a mass flow 
ratio was ca lculated. Then, by performing online simultaneous sample/standard 
introduction for the ana lyte element and applying the mass fl ow ratio obta ined from the 
interna l standard element, c:: was calculated from Eq uation 4. 
For 1ST 6 12 Trace Elements in Glass the ana lys is was performed under wet and dry 
plasma conditions and the quality of the data compared with the certified ele mental 
concentrations. For N IST 6 12 the ca libration procedure was a lso performed whilst 
employ ing the particle separation device in the LA line, using fifteen turns and a He gas 
fl ow of 0.7 L min-I. Again this was performed under wet and dry plasma conditions. 
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Analyses o f ERM 68 1 Polyethy lene and BCS No. 387 Imonlc 90 I A lloy were 
perfo rmed using wet plasma conditions onl y. 
For analysis using a dry plasma, an ICP forward power of 1500 W was used; whereas, 
for a wet plasma 1300 W was applied. LA parameters were kept constant throughout the 
analys is: a fluence of 13 J cm-2, a frequency of 20 Hz, an ablati on c rater di ameter of 80 
~m and a sample transla ti on rate of I 0 ~Im S-I were employed. 
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Results and Discussion 
Variation in Ablation Crater Diameter 
Lncreas ing the ab lated crater diameter whi lst maintaining con tant fluence (made 
possible by the ' true aperture imaging' capab ilities of the UP-21 3) led to a proportional 
increase in ab lated vo lume as indicated by the changes in the ca lculated mass fl ow ratio 
in Figure 21 and Figure 22. In contrast, simply increas ing the fluence did not lead 10 a 
proportional increase in the ab lated vo lume, as indicated in Figure 23; this can be 
attributed to a minimal increase in ablated volume past a roll over point. For this reason 
an optimum fluence for laser ab lation is often fo und between the ab lation threshold and 
the ro llover point, as desc ri bed in Figure 24; se lecting this flucnce will lead to high 
sensitivity with minimal elemental fractionation. 
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Rollovcr Point 
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Figure 24 The relationship between laser flu e nee and analyte signal intensity, attributed to non-
proportional mass removal at flu cnces above th e rollove r point. 
The online add itions strategy was performed at differing ab lated crater d iameters i.e. 
success ive ly in troducing more ab lated mass into the IC P to increase the sample load ing 
of the pia ma. The data obta ined are presented in Table 3 and Table 4. 
Tab le 3 Standard deviation and mea n of sensitivity rat ios obtained under \'arying ablated crater 
di ameters, during the analys is of '1ST 6 12. 
Ablated crater diameter Standard devialion of se nsitivity ratios Mean of sensitivity ratios (n= 14) (n= 14) (,.m) 
Wet Ory Wet Ory 
15 0.005 0.012 1.030 1.041 
30 0.009 0.024 1.038 1.023 
55 0.022 0.036 1.065 1.1 19 
80 0.029 0.072 1. 144 1.139 
110 0.040 0.106 1.008 1.286 
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Table 4 Degrees of UO" form atio n using a wet and dry plasma, with and without the presence of a 
laser ablated aerosol for va rying ablated crater diameters. The ratio % UOL/%) UOS+L thus 
represents any changes in the degree of ox id e formation upon introduction of the ablated aerosol. 
Ablated crater Wet plasma ox ide analysis Dry plasma oxide a na lysis 
diamet er (!I m) 
% UOL 0/0 UOS+L % UO" ! % UOL 0/0 UOS+L % UO
L ! 
0/ 0 UOS+L 0/ 0 UOS+ L 
15 1.40 1.37 1.02 0.08 0.08 1.00 
30 1.41 1.50 0.94 0.09 0.07 1.29 
55 1.39 1.39 1.00 0.10 0.08 1.25 
80 1.43 1.36 1.05 0.08 0.08 1.00 
110 1.4 1 1.40 1.01 0.09 0.08 1.13 
Increasing the ab lated crate r diameter had the effect of increas ing the re lative sensiti vity 
above un ity, and the standard deviation in the sens iti vity ratios obta ined. This effect was 
much more pronounced under dry plas ma conditions than under wet plasma cond itions 
as can be een in Figure 25. 
012 , 
• (a) Ory Plasma 
• (b) Wet Plasma 
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Figure 25 Standard deviation of se nsiti vity ratios obta ined with differing nblatcd crater diameter, 
under (a) dry a nd (b) wet plasma cond itions. 
The laser was run at constant fluence, lead ing to increased mass transport to the ICP 
w ith increas ing ab lated crater diameter; consequently the sample load ing of the plasma 
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was increased. Under dlY plasma conditions, with higher sample load ing it appears that 
the plasma became less robust, lead ing to more severe matri x effects. The elements 
were affected by a less rob ust ioni ation source to different extents (due to properti es 
such as first and second ion isation en thalpy and oxide bond strength etc .). The increased 
plasma loading manifested itse lf as an increase in sensiti vity rati os and the standard 
deviation thereof, across the suite of elements studied. 
The degree of variati on in the sensitivity ratios with increased sample loading was much 
more constant under wet plasma condi tions . It appears that the presence of water 
buffered the plasma aga inst the detrimental effects of sample loading on plasma 
robustness. Im portantly, the data indicates that there was no s ignificant change in the 
extent of oxide fonnation upon the introduction of the laser ab lated aeroso l. This is 
shown by the absence of any signi fi cant change in sensiti vity upon introduction of the 
sample aerosol , especia lly for the oxide fonning elements Ce and U. Ox ide and 
hydrox ide formation wo uld be expected if less robust plasma conditions ex isted. The 
fact that the leve l of ox ides remained constant upon introduction of the sample aeroso l 
aga in indicates that the presence of water was beneficial in mai ntain ing rob ust plasma 
conditions. The best way to detect changes in ox ide fonnation is to monitor the 
140Ce1 60 /140Ce ratio; however thi s was not possible in thi s case as the ab lation of the 
1ST glass produces several interfering species at the mlz 156. For this reason, the 
molecular ion 238U 160 + (mlz 254) was monitored as an indicator as to the extent of oxide 
fonnation . Under wet plasma conditions there was no increase in the degree of ox ide 
formation for U upon introduction of the ab lated aeroso l, indicating there was no 
s ign ificant change in plasma robustness . This can be seen in Table 4 wherein the ratio 
% UO L/% UOs+\ (representing the degree of UO fonnation for standard introduction 
on ly, divided by the degree of UO fonnation for simul taneous sample and standard 
introduction) does not deviate from unity under wet plasma conditions. Under dlY 
plasma conditions thi s ratio is more elTati c and deviations from uni ty were obtained 
indicating that the dry plasma was more susceptible to changes in sample loading. 
The more constant sens iti vity ratios obtained under wet plasma conditions have 
implica tions when app lying an intell1al standard e lement in a ca libration by LA-lCP-
MS. Using wet plasma conditions, it is more like ly that data obtained fro m an in tell1a l 
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standard e lement will be representati ve of a large r suite of e lements. The mean 
sensiti vity ratio at an ab lation crater diameter of 110 /-!Ill did not quite fo llow the trend, 
but the change was sma ll and is not likely to indicate a true reversa l of slope. 
Variation in Plasma Forward Power 
The on line add itions strategy was performed for varylllg ICP forward powers, wi th 
fi xed LA parameters, to determine the effect of forward power on the severi ty of matrix 
effects for both wet and dry plasma conditions. The results can be seen in Table 5 and 
Tab le 6. 
Table 5 Standard deviation and mean of sensitivity ratios obtained under va ryin g ICP forward 
power, during the analys is of NIST 612. 
ICP forward power Standa rd deviation of sensitivity Mean of sensitivity rat ios (n= 14) 
ratios 0= 14) (W) 
Wet Dry Wel Drv 
1100 0.050 0.159 0.990 1.152 
1200 0.038 0.080 1.124 1.073 
1300 0.011 0.064 1.27 1.214 
1400 0.030 0.053 1.109 I A08 
1500 0.035 0.052 0.962 1.274 
1600 0.031 0.066 1.002 0.935 
Table 6 Degrees of UO+ formati on using a wet and dry plasma of varying forward power, with and 
without th e presence of a lase r ablated aerosol. The rat io % UO L/ % UOS"' L thus represents any 
changes in the degree of oxide formation upo n introduct ion of rhe ablated aeroso l. 
le p forward Wet plasma ox ide ana lys is Dry plasma ox ide analysis 
power (W) 
% UO L 0/ 0 UOS+I• % UO " ' % UOL 0/ 0 UOS+L % UO "' 0/0 UOS+ L % UOS+L 
1100 7.2 1 7.92 0.91 1.47 1.25 1.1 8 
1200 1.95 1.7 1 1.14 0.49 0.45 1.09 
1300 1.52 1.52 1.00 0.15 0.22 0 .67 
1400 1.41 1.53 0.92 0.08 0.07 1.09 
1500 1.30 1.1 8 1.1 0 0.05 0.05 1.05 
As shown in Figure 26, under wet plasma conditions, the standard deviation of the 
sensitivity ratios was almost constant with respect to changes in IC P forward power. For 
dry plasma conditions, the variation in sensiti vity rati os, was strongly re lated to the IC P 
fo rward power. This can be explained by differences in plasma rob ustness i.e. a low IC P 
forward power and high sample load yie lded a less robust plasma, leading to severe 
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matri x effects. As stated above, under wet plasma conditions thi s e ffect was much less 
pronounced, confilming that the presence of water buffered against the detrimenta l 
effects of low plasma robustness . Again, the data indicated that the degree of ox ide 
formati on remained constant with varying ICP forward power, upon introducti on of the 
la er ablated aerosol, when wet plasma conditions were employed. Thi s is shown in 
Tab le 6 wherein the % UO L/% UOS+L is more constantly close to unity than for dry 
plasma conditions (notwithstanding that the small er rati os obtained for the dry plasma 
will lead to greater sta ti sti ca l vari ati on). 
Figure 26 S tandard deviatio n of sensitivity ratios obtained with differing ICP forward power, with 
both (a) d ry and (b) wet plasma conditions. 
The Effect of Particle Size Selection 
For previous analyses a He gas fl ow of 0.5 L min·1 was employed, since it led to 
optimum sensitivity and stabi lity of both sample introduction lines . However, thi s gas 
fl ow would be too low to fac ilita te effi cient particle separa ti on21 and for the purpose of 
thi s in vesti gati on the gas fl ow was increased to 0.7 L min-I. 
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Increasi ng the gas fl ow th rough the ab lation ce ll to 0.7 L min-I did not ha ve any 
detrimenta l effects upon the overa ll sensitivity of the system; however, any subsequent 
increase in gas fl ow would have led to a reduction in sensitiv ity for some elements, as 
can be seen in Figure 27. Interestingly, the change in He gas fl ow through the separation 
device effected the elements studied di fferent ly. It was seen that 11 51n and m U behaved 
in a similar manner, with the sensiti vity increasing to an optimum gas fl ow of 0.6 L 
min-I. After this optimum any increase in gas fl ow led to a sharp decrease in sensitivity. 
The shape of the 7Li curve was different to those obtained for 115[n and m U; the 
sensitivity rose with increas ing gas fl ow to produce an optimum of 0.8 L min-I. 
Although any subsequent increase in gas fl ow did lead to a reduction in sensitivity, the 
decline was much shallower in comparison to the other isotopes studied. This led to a 
much broader shaped peak for 7Li . 
Figure 27 A chart to show the change in s ignal intensity for three elements with vary ing He gas fl ow 
through the particle separation device. 
This observation is in agreement with Rodushkin et al. 7 . 8 who determined the optimum 
carrier gas fl ow rates for various analytes for so lution nebulisa tion and laser ab lation. It 
was found that for laser ab lation, the inter-elemental response varied greatly as a 
function of ca rri er gas flow, with elements of lower nominal mass and lower 
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vapori sati on enthalpy peaking at higher gas fl ows. This result can be attributed to the 
ex istence of differing zones of max imum ion intensiti es within the lC P, related to the 
time requi red for vaporisati on of a gIven analyte from the pa rticles produced during 
laser ablati on. 
The fact that these zones of max imum ion intensiti es occur along an ex tended reg ion o f 
the plasma for parti cles produced by LA in comparison to particles produced by SN, 
was confirmed by calculating the mass fl ow ratio at different sampling depths. In Figure 
28, as the lC P torch is moved closer to the sample cone, i.e. an increase in sampling 
depth, the mass flow rati o increases indicating that the larger parti cles produced by LA 
are not be ing as effi cien tl y processed by the plasma and the rati o is dominated by the 
mass flu x fro m the parti cles prod uced by S . 
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Figure 28 Changes in mass flow ratio upon variation of the le p sampling depth, calculated from 
"7Ti. 
Increas ing the number of coils on tbe particle separation device led to a reducti on in 
overall sens itivity for all elements studied, as seen in Figure 29. However, the response 
was element dependent since some e lements were affected to a grea ter extent by 
altering the number o f co il s on the parti cle separati on device. Thi s is an indicati on that 
- 130 -
Chapter Three 
the dev ice was se lecti ve ly removing parti cles based on their size a nd reducing plas ma 
based elemental fractionation. 
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Figu re 29 A chart to show the change in signal intensity for three elements with varying number of 
coils on the particle separation device, obtained upon ablation of NIST 612. 
Figure 30 and Figure 31 show a decl ine in the measured ratios as the number of turns on 
the parti cle separation device is increased, before leveling out at around 15 turns. Thi s 
data suggests that the device is functioning as a particle s ize separator and selective ly 
removing the larger particles that are known to be a major contri butor to plasma based 
elemental fracti onati on. The 238 U/2l2Th rati o is often used to monitor elemental 
fractionati on, and it is we ll accepted that an idea l ra ti o close to I is a n ind icati on that no 
fracti onation is occurring. In thi s investi gation the rati o is falling towards the des ired 
ratio of I, confirming that fractionati on is being reduced by the se lecti ve removal or 
larger particles. By employ ing the particle separation device with 15 tums and a flow 
rate of 0.7 L min-I , plasma based fracti onati on can be substanti all y reduced . The 
downside is that thi s reduction in fractionation is accompanied by a subsequent 
reducti on in sensiti vity of aroun d 50%. 
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The online add itions approach was performed whil st varying the number of t UI11S on the 
particle separation device; again thi s was perfonned whil st employ ing a wet and a dty 
plasma to detetmine their re lative merits. The data is presented in Table 7 and Table 8 
graphica ll y in Figure 32. 
Table 7 Standard deviation and mean of sensitivity ratios obtained whilst' varying th e number of 
turns on a particle separation device, during the analys is of NIST 612. 
Standard deviation of sensitivity Mean of sensitivity ratios (n= 14) Number of turns ratios n= 14) 
Wet Dry Wet Dry 
0 0.049 0.164 1.1 76 1.069 
5 0.031 0.069 1.160 1.176 
10 0.0 18 0.050 1.162 1.038 
15 0.013 0.022 1.051 1.099 
20 0.008 0.016 1.037 1.022 
25 0.012 0.016 1.043 1.021 
Table 8 Degrees of UO+ fo rmation using a wct and dry plasma whilst va rying the number of turns 
o n a particle separation device, with and without the presence of a laser ablated aerosol . The ratio 
% UO"/% UOS• L thus represents any cha nges in the degree of oxide formati on upon introd uction 
of the ab lated aerosol. 
Wet plas ma oxide analys is Dry plasma oxide analysis 
Number of turns %UO .. 0/ 0 U05+L % UO ' / % UO .. '% UOS+ L % UOL/ 
0/0 UOS+L % U05+1. 
0 1.35 1.29 1.05 0 .07 0.06 1.2 1 
5 1.38 1.3 1 1.05 0.07 0.06 1.21 
10 1.38 1.30 1.06 0.08 0.07 1. 1 I 
15 1.31 1.27 1.03 0.09 0.08 1.1 2 
20 1.36 1.35 1.01 0.07 0.07 1.10 
25 1.37 1.36 1.0 I 0.08 0.06 1.22 
- 133 -
0.18 r 
0 16 · 
0" ________ .J 
- -1--
, 
-,-
- - - -1-
- r - - -
'- -
o ~----------~----------~----------~------
o 5 ' 0 15 
Number o f turn. on panicle separation device 
Chapter Three 
,-------
...j ------
• (a) Dry Plasma 
• (b) W et Ptasma 
, 
20 
Figure 32 Standard deviat ion (n= 14) of sensitiv ity ratios obtained whilst vary ing the number of 
turns on a particle separation device, during the analys is of NIST 612, under both (a) dry and (b) 
wet plasma conditions. 
As the number o f tunlS on the partic le separation dev ice was increased there was a 
dec line in the standard deviation of the sensiti vity ratios indicating a reduction in matri x 
effects upon introducti on of the laser ablated aeroso l. I f large particles ente r the I cr 
they can cause a signifi cant energy demand, as the plasma unsuccessfull y attempts to 
vapori se them. This energy demand can lead to a reducti on in plasma robushless and 
means that severe matrix effects may preva il. When these larger particles were removed 
from the laser ab lated aerosol stream they were prevented from entering the ICP. Hence, 
there was less of an energy demand on the plasma, which led to a more robust plasma 
and a reducti on in matri x effects. 
This e ffect was much more pronounced under dry plasma conditions than under wet 
plasma conditions, shown by the much steeper fa ll in standard deviation. As the number 
of turns on the particle separati on device is increased, large particl es that will require 
substanti al energy expenditure for vapori sation in the plasma are electi vely removed. 
As these particles were removed the p lasma became more robust and matri x effects 
were reduced. 
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Once again the data would suggest that a wet plasma is more successful in overcoming 
the detrimental effects of the presence of large particles, as indicated by the overall 
lower standard deviation of sensitivity ratios and the shallower decline of the curve. 
The Effect of Water on Plasma Conditions 
The fact that the presence of water alters the fundamental properties of the plasma, such 
as temperature and electron densitY is well documented.2s•34 However, the effects of 
water remain poorly understood, with experimental outcomes often depending upon the 
exact details of the sample introduction system and the total water flux and 
vapour/Iiquid ratio. It was beyond the scope of this investigation to quantify ail of these 
parameters. Generally, plasma energy is consumed in the vaporisation and dissociation 
processes; however, this energy can be replaced by energy transfer from the outer 
regions of the plasma into the central channel, and the dissociation products (molecular 
hydrogen and oxygen) contribute to a local increase in thermal conductivity and heat· 
transfer. The more robust conditions offered by employing a wet plasma have been 
observed in the present work. The wet plasma was more tolerant of variable sample 
loading and variable ICP forward powers, evidenced by more constant sensitivity ratios. 
Calibration 
Method validation was performed on NIST 612 Trace Elements in Glass, ERM 681 
Trace Elements in Polyethylene and BCS No. 387 Nimonic 901 Alloy. The uncertainty 
quoted on all calculated concentrations is based upon the standard error (Sy/x) associated 
with the whole calibration curve and is a very robust estimate of the uncertainty 
associated with each result. Thus, the concentration uncertainties were calculated from 
the regres~ion line for a signal intensity of ± Sy/x.3S This method ignores the uncertainties 
in the concentration values, which is justified in the case of the NIST 612 glass, since 
the relative uncertainties are only 10% of the LA data values, but not so valid in the case 
ofERM 681 Polyethylene. 
Analysis of NIST 612 Trace Elements in Glass 
Cobalt was chosen as an internal standard element for the analysis of NIST 612 Trace 
Elements in Glass, since it provided a mass flow ratio that was most representative of 
the other elements under both wet and dry plasma conditions i.e. the mass flow ratio 
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was close to the mean. This indicates that there was little fractionation between Co and 
the other elements, with the possible exception of Ti (as indicated by differing mass 
flow ratios). It should be noted that for the analysis of a 'real' sample this data would 
. not be available and it is unlikely that there would be such a choice of internal standard 
element. However, here, since this data was available, then a selection of the best 
internal standard was made. LA is no different to any other analytical technique in that 
prior knowledge of the sample will improve data quality. The optimum rcp forward 
powers obtained from the previous investigation were employed for the analysis i.e. 
1300 W for the wet plasma analysis, although from previous investigation this was not 
too critical and 1500 W for the dry plasma analysis. The data obtained can be seen in 
Table 9 and Table 10. 
Table 9 Data showing the certified elemental concentration, calculated mass flow ratio and 
calculated elemental concentration using Co as an internal standard, performed under wet plasma 
conditions with constant LA parameters •. 
Certified concentration Mass flow Calculated concentration with % Isotope with associated uncertainty associated uncertainty Recovery 
(ml! kl!°') ratio Lnlgkg:') 
47Ti 50.1 ± 0.8 10982 63.3 ± 4.8 126 
'·Cr Not certified 
-
36.4 ± 2.5 
-
"Mn 39.6±0.8 14697 37.4 ± 1.9 94 
"Co 35.5 ± 1.2 13888 Internal standard 
-
"Cu 37.7 ± 0.9 16170 32.4 ± 2.6 86 
~Sr 78.4 ± 0.2 14896 73.1 ± 4.7 93 
'"'AI! 22± 0.3 13092 23.3 ± 3.5. 106 
"'Cd .. Not certified - 20.6± 0.9 -
"'Ba 41 ± N0Lquoted 17044 33.4 ± 1.2 81 
"·Ce 39 ± Not quoted 13731 39.4± 2.6 101 
"'T1 15.7 ± 0.3 14386 15.2 ± 1.4 97 
·"Pb 38.57 ±0.2 14338 37.4 ± 1.6 97 
···Pb 38.57 ±0.2 13863 38.6 ± 1.5 100 
""U 37.38 ± 0.08 14042 37.0± 4.0 99 
Mean . 14261 97 
St. Dev. 1500 11 
%RSD 11 11 
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Table 10 Data showing the certified elemental concentration, calculated mass flow ratio and 
calculated elemental concentration using Co as an internal standard, performed under dry plasma 
conditions with constant LA parameters. 
. 
Certified concentration Mass flow Calculated concentration with % Isotope with associated uncertainty 
ratio associated uncertainty Recovery (m~ k~") .. (m~ k~") 
"Ti 50.1 ±0.8 21055 30.7± 3.0 61 
"Cr Not certified . . 40.1 ± 3.2 . 
"Mn 39.6± 0.8 16193 34.4± 3.0 87 
"Co 35.5 ± 1.2 14074 Internal standard . 
·'Cu 37.7 ±0.9 11999 44.2± 7.1 117 
"Sr 78.4±0.2 21065 52.4 ± 4.8 . 67 
'"'A~ 22 ± 0.3 11248 27.5 ± 3.7 125 
lIICd Not certified . 30.0± 1.8 
-
'''Ba 41 ± Not quoted 19549 29.5 ± 3.0 72 . 
"'Ce 39 ± Not quoted 15618 35.1 ± 3.0 90 
'"'Tt 15.7±0.3 9667 22.9 ± 1.6 146 
"'Pb . 38.57 ± 0.2 10258 30.7 ± 9.5 80 
'~Pb 38.57±0.2 9869 32.2 ± 12.3 83 
"'U 37.38 ±0.08 11336 23.8 ± 6.3 64 
Mean 14328 90 
St. Dev. 4318 32 
%RSD 30 27 
The results for the mass flow ratios indicate that there was a much greater signal 
contribution from the aqueous calibration standards than from the laser ablated aerosol. 
This is highlighted by the large values calculated for the mass flow ratio i.e. the ratio of 
flux between sample and standard. Values this large are indicative of the small amounts 
of ablated material transported to the ICP when employing such a LA system. This 
value means that an analyte concentration of tens of mg kg-· in the solid sample will 
correspond to a signal intensity equivalent to one Ilg L-· of analyte in the aqueous 
calibration standards. This may be disadvantageous in terms of absolute detection limit, 
but as shown here, limiting the plasma loading is beneficial for obtaining good 
quantitative data. 
The analysis proved a lot more successful when wet plasma conditions were used. 
Generally, the agreement between the calculated and certified concentrations was much 
closer under the wet plasma conditions. Under wet plasma conditions, the majority of 
elements quantified were within I - 10% of the certified values. One exception was Ti, 
for which poorer data was obtained, but no explanation for this is available. 
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The matrix effects were less severe and less variable between elements when using a 
wet rather than a dry plasma, as a direct result, the mass flow ratios calculated were less 
elementally variable, indicating that they were subject to less fractionation. This 
simplifies the choice of an internal standard, since it is more likely that the chosen 
element will be more representative of the set. For this reason, more accurate data can 
be obtained from the onIine additions approach .when wet plasma conditions are 
employed. This is shown in Figure 33 and Figure 34, wherein a better correlation 
between the calculated elemental concentrations and certified elemental concentrations 
was obtained under wet plasma conditions, shown by a slope close to 1 obtained when 
using a wet plasma and a slope well below 1 when using a dry plasma (R~et = 0.89 vs. 
2 RDry = 0.60). 
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Figure 33 The correlation between the calculated elemental concentrations and the certified 
elemental concentrations, using Co as an internal standard element, under wet plasma 
conditions. 
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Fignre 34 The correlation between the calculated elemental concentrations and the certified 
elemental concentrations, using Co as an internal standard element, under dry plasma 
conditions. 
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Calibration with Particle Separation 
. The calibration procedure was repeated with the addition of the particle separation 
device placed in the LA line, utilising fifteen turns and a He gas flow of 0.7 L min-1• 
The data is presented in Table II and Table 12, and graphically in Figure 35 and Figure 
36. 
Table 11 Data showing the certified elemental concentration, calculated mass flow ratio and 
calculated elemental concentration using Co as an internal standard, performed under wet plasma 
conditions with constant LA parameters, employing the particle separation device. 
Certified concentration Mass flow Calculated concentration with % Isotope with associated uncertainty . associated uncertainty Recovery 
(mg kg-I) ratio (mg kg-I) 
"Ti 50.1 ± 0.8 33091 53.5 ± 3.2 107 
"Cr Not certified 4004 ± 2.3 
-
"Mn 39.6±0.8 38975 36.5 ± 3.0 92 
"Co 35.5 ± 1.2 34190 Internal Standard 
-
"Cu 37.7 ± 0.9 30428 40.9 ± 204 108 
"Sr 78A±0.2 37844 75.1 ± 3.9 96 
I"'AI! 22± 0.3 29840 2204 ± 3.2 102 . 
"'Cd Not certified· 33.5± 2.1 
-
'''Ba 41 ± Not quoted 38770 35.4± 1.9 86 
I'"Ce 39 ± Not quoted 32772 39.7 ± 2.1 102 
,.oTl 15.7±0.3 30735 15.3 ± lA 97 
'"'Pb 38.57 ± 0.2 33895 36.9 ± 1.9 96 
'''Pb 38.57 ± 0.2 34139 38.1 ± 2.1 99 
~·U 37.38 ± 0.08 35633 37.8 ± 2.6 101 
Mean 34193 99 
St. Dev. 3128 7 
%RSD 9 7 
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Table 12 Data showing the certified elemental concentration, calculated mass How ratio and 
calculated elemental concentration using Co as an internal standard, performed under dry plasma 
conditions with constant LA parameters, employing the particle separation device .. 
Certified concentration with Mass How Calculated concentration with % Isotope associated uncertainty associated uncertainty Recovery 
. (ml! kl!·l) ratio (m!! k!!·') 
41Ti 50.1 ± 0.8 22025 40.5 ± 3.1 80 
"Cr Not certified 48.7 ± 2.6 
-
"Mn 39.6±0.8 19570 34.9± 2.9 88 
"Co 35.5 ± 1.2 17999 Internal Standard 
-
"Cu 37.7 ± 0.9 17321 46.4± 6.0 123 
"Sr 78.4± 0.2 19683 63.3 ± 3.7 81 
'''AI! 22 ± 0.3 16042 28.6± 3.9 130 
"'Cd Not certified 28.6 ± 1.2 -
"'Ba 41 ± Not quoted 21696 33.3 ± 2.3 81 
"·Ce 39 ± Not quoted 19044 32.6±3,O 84 
'.'T! 15.7±0.3 16997 . 15.0 ± 1.8 96 
"oPb 38.57 ±0.2 17210 38.0± 5.4 99 
'··Pb 38.57±0.2 17333 . 36.3 ±6.9 94 
lJ·U 37.38 ± 0.08 18225 .. 31.2±4.3 83 
Mean 18595 94 
St. Dev. 1869 . 17 
%RSD 10 15 
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Figure 35 The correlation between calculated elemental concentrations and certified elemental 
concentrations, with particle separation, using Co as an internal standard element and 
performed under wet plasma conditions. 
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Figure 36 The correlation between calculated elemental concentrations and certified elemental 
concentrations, with particle separation, using Co as an internal standard element and 
performed under dry plasma conditions. 
- 142-
Chapter Three 
. When the particle separation device was placed in the LA line it improved the quality of 
the analysis, particularly when performed under dry plasma conditions. Under wet 
plasma conditions, there was no real improvement in the correlation of the calculated 
elemental concentrations and the certified elemental concentrations. This can be 
attributed to the fact that the wet plasma is capable of efficiently processing the particles 
produced at the LA stage, and therefore removal of larger particles with the particle 
separation device, led to no real improvement in plasma robustness. 
Under dry plasma conditions, placing the particle separation device in the LA led to a 
dramatic improvement in the quality of the analytical data obtained. This is shown by an 
increase in gradient, from 0.4327 (R2 = 0.6011) in Figure 34 to 0.6874 (R2 = 0.8379) in 
Figure 36. This indicates a better correlation between the calculated elemental 
concentrations and the certified elemental concentrations, when employing a simple 
particle separation device, under dry plasma conditions. 
This improvement in the quality of analytical data can be attributed to an increase in 
plasma robustness whilst employing the particle separation device. Under dry plasma 
conditions the ICP is not capable of processing all the particles produced by the LA 
stage, and large particles (particularly those greater than 150 nm in diameter)24 cause a 
high energy demand, leading to a reduction in plasma robustness, ultimately causing 
matrix effects and elemental fractionation. When these large particles were removed, 
using the particle separation device, there was an increase in plasma robustness, which 
led to a reduction in matrix effects and· a consequent improvement in the quality of 
analytical data. 
It is accepted that the effects observed could be attributed to a reduction in matrix 
loading of the plasma as more material is removed from the sample tube, and not be 
related to a change in particle size distribution. However, the observed change in 
elemental ratios would suggest that material was. being removed in a particle size 
discriminate manner. Without access to particle sizing instrumentation this theory 
cannot be validated. 
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Analysis ofERM No. 681 Trace Elements in Polyethylene 
Analysis of ERM No. 681 Polyethylene was undertaken as an example of a typical 
polymer sample. For this analysis Cd was chosen as an internal standard element, due to 
it being in the middle of the mass range investigated. The data obtained are shown in 
Table 13. 
Table 13 Data showing the certified elemental concentration, calculated mass flow ratio, and 
calculated elemental concentration using Cd as an internal stand~rd, performed under wet plasma 
conditions with constant LA parameters. 
Certified concentration with Mass Calculated concentration with % Isotope associated uncertainty associated uncertainty 
(mll kll") flow ratio (mll kll") Recovery 
"Cr 17.7±0.6 4974 17.5 ± 3.5 99 
"'Cd 21.7 ± 0.7 4910 Internal standard 
-
'"'Pb 13.8± 0.7 4813 14.1 ±0.48 102 
'''Pb 13.8 ± 0.7 4869 13.9 ± 0.43 101 
Mean 4892 101 
St. Dev. 68 2 
%RSD I 2 
The analysis proved successful and excellent agreement with the certified 
concentrations was obtained. When using Cd as an internal standard element, agreement 
within 2% of the certified concentrations was obtained for the quantification of Cr and 
Pb. Mass flow ratios were much smaller for the polyethylene than those obtained for the 
NIST glass. Since the output from the nebuliser generally remained constant for all 
three analyses, then the change in mass flow ratio must have been due to a large 
difference in the ablated mass transported to the plasma. The results indicate that much 
more polymer sample was transported, most likely due to increased coupling between 
the laser beam and the polymer. 
Analysis of BCS No. 387 Nimonic 901 Alloy 
. Analysis ofBCS No. 387 Nimonic 901 Alloy was undertaken as an example of a typical 
metal alloy sample. For this analysis Cu was chosen as an internal standard element. 
The data obtained are shown in Table 14. 
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Table 14 Data showing the certified elemental concentration, calculated mass flow ratio and 
calculated elemental concentration using Cu as an internal standard and performed under wet 
plasma conditions with constant LA parameters. 
Certified concentration with Mass . Calculated concentration witb % Isotope associated uncertainty associated uncertainty 
(m~ k~·') flow ratio (m~ k~·') Recovery 
"Mn 250 ± Not quoted 4575 193±4 77 
"Co 200 ± Not quoted 4703 198 ± 7 99 
"Cu 76 ± Not quoted 4660 Internal standard 
-
"'Pb 0.8 ± Not quoted 5107 0.73 ±0.23 91 
""'Pb 0.8 ± Not quoted 4933 0.75 ± 0.19 95 
Mean 
-
4796 
- 91 
St. Dev. 219 10 
%RSD 5 . II 
Using Cu as an internal standard, the analysis proved successful in the quantification of 
Co and Pb, and good agreement with the certified concentration was obtained. The 
quantification. of Mn was less successful. This was due to the fact that the certified 
concentration of Mn was very high in the reference material, producing a signal 
intensity above the linear range of the ICP-MS detector (especially when combined with 
the signal intensity from the aqueous calibration standards). This gave erroneous 
calibration data, leading to an inaccurate quantification. Mass flow ratios were similar to 
those obtained for the polymer sample, again indicating that there was an increased 
transport of metal sample to the plasma in comparison to the glass. 
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Chapter Conclusion 
Although dry plasma conditions may be beneficial when performing isotope ratio 
measurements by LA-ICP-MS due to reduced oxides and hydroxides, it has been shown 
that a wet plasma is more advantageous for routine analysis. The findings indicate that 
the online additions of water is' the preferred mode of operation for quantification by 
LA-ICP-MS. Employing a wet plasma produces more staridardised plasma conditions 
and buffers against the detrimental effects of sample loading, large particles produced at 
the ablation process and reduced plasma robustness. Furthermore, the exclusion of a 
desolvation system results in faster analysis time (due to reduced sample uptake, wash-
in and wash-out times) and less expense (due to reduced analysis time, energy and gas 
requirements). 
The theory presented in this chapter has enabled differentiation between "sensitivity" 
and mass flow. The calculation of a mass flow ratio is useful not only for calibration, 
but also as a measure of the relative flux between two sample introduction sources. The 
mass flow ratios reported indicate the very small amounts of material that are 
transported to the plasma from the ablation site when compared to the quantities 
introduced by a standard nebuliser and spray chamber. It has been shown that different 
samples can yield highly different mass flow ratios, related to the optical and 
physicochemical properties of the sample. Differences in the mass flow ratios between 
elements are a direct indication of the occurrence and extent of elemental fractionation. 
This paper has shown that online additions of aqueous calibration standards without 
desolvation can produce rapid and 'fit for purpose' quantitative data in the absence of a 
CRM. The ability of this method to make such determinations has particular relevance 
with the introduction of the Restriction of the use of certain Hazardous Substances 
(RoHS) and Waste Electrical and Electronic Equipment (WEEE) Directives.36• 37 
. The practical aspects of multi-point online additions calibration may make it more 
useful for method development than practical analysis, (as a pre-cursor to a single point 
calibration by normal internal standardisation) especially since it requires a large sample 
area of homogenous analyte and internal standard distribution and typically a ten minute 
time for sample analysis. For example, the method could be performed on a CRM to 
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investigate fractionation and matrix effects, aiding the choice of internal standard (if a 
choice is available), before subsequent single point calibration on the real sample. 
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Absorption Modified Pressed Powders for Calibration of 
Laser Ablation Inductively Coupled Plasma Mass 
Spectrometry 
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Ciaran 0' Connor, Mark R. Landon and Barry 1. Sharp, Absorption Coefficient 
Modified Pressed Discs for Calibration of Laser Ablation Inductively Coupled Plasma 
. Mass Spectrometry, Journal of Analytical Atomic Spectrometry, 2007, 22, 273-282 
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Chapter Abstract 
Powdered samples have been pressed, utilising a standard KBr infrared (IR) press, to 
produce mechanically stable 13 mm discs. Three organic based binders have been 
employed in this work; vanillic acid, pyrazinoic acid and nicotinic acid, chosen because 
of their high optical absorbance at the wavelength of the incident laser energy (213 nm). 
Poly(vinyl alcohol) (PVA) was employed as an example of a 'non-absorbing' binder 
and because its use has been described previously in' the literature. Discs of various 
samplelbinder compositions were prepared and their absorption properties characterised 
by diffuse reflectance spectroscopy. LA-rCP-MS was used to investigate the effect of 
different samplelbinder compositions on signal sensitivity; whilst surface profilometry 
was performed on the resulting tracks to provide an estimate of the ablation depth 
achieved by the laser beam. It was found that discs prepared with vanillic acid had the 
highest optical absorbance at the wavelength of the laser system employed, resulting in 
a lower ablation depth and improved signal sensitivity probably through the formation 
of smaller particles during the ablation process. 
Analysis of CRMs was performed using simple external calibration standards of similar 
and dissimilar matrix composition. It was found that discs produced using a 40% 
vanillic acid binder and a 60% sample composition gave superior quality analytical data 
when compared to the use of 40% PV A binder or no binder at all. These fmdings 
indicate the potential for fit-for-purpose quality analytical data to be obtained when 
employing external calibration standards, without internal standardisation and without 
exact matrix matching. These data also provide further evidence that standardisation of 
ablation conditions and mass flux to the plasma are pre-requisites for robust calibration, 
particularly in the absence of a suitable internal standard element. 
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Introduction 
LA-ICP-MS has become the most versatile technique for the direct determination of 
trace elements in a wide variety of solid sample types. It has particular application for 
the determination of trace elements in sample types, such as metals, rocks, polymers 
and ceramics, and avoids the risk of contamination associated with complex digestion 
procedures. 
The limitations of LA-ICP-MS are well known; namely elemental fractionation and a 
lack of CRMs for the majority of sample types. 'In house' solid synthetic standards are 
often prepared to allow external calibration; however, with such external standards it is 
especially important that the standard 'matches the sample in terms of matrix 
composition, since even a small difference in composition can lead to vastly different 
rates of ablation. 
There are two common approaches to solid standard preparation. The first approach is 
fusion to form a glass bead or disc. I-9 The second approach is to press a powdered 
sample into a disc.2-4. 7. 10-21 These studies have shown that since the ablation yield can 
vary by as much as 50% between discs, poor analytical data is obtained unless the 
calibration standards are prepared to exactly match the sample or an internal standard 
element is used to correct for these large differences in ablation yield. 
A major advantage of standard preparation of this type is that it facilitates addition of 
internal standard elements, isotope spikes or matrix modifiers. The use of matrix 
modifiers has been demonstrated by Boue-Bigne et al.22 to improve the analytical data 
obtained from the direct, ablation of liquid calibration standards. The absorption 
coefficients of the standards were modified by the addition of organic chromophores so 
that they more closely matched those of the sample. 
Matrix modification to improve the ablation efficiency has been achieved by addition of 
metal oxides in order to enhance the absorbance characteristics of the target.23-25 Weis et 
al.25 reported an extensive investigation into the addition of Fe203 as a matrix modifier 
to modify the absorption coefficient of lithium metaborate discs. It was found that the 
addition of Fe203 led to a greater absorption of the incident laser energy, leading to a 
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shorter optical penetration depth and a subsequent reduction in the size of particles 
produced by the ablation process. Lee et al. 21 found that the addition ofTriton-XTM to 
samples pressed into discs led to increased sensitivity and suggested that this might be 
due to improved absorption of the laser energy. 
Much work has been performed relating LA parameters to the particle size distribution 
of the generated aerosol and the effect upon figures of merit for ICP-MS. The 
parameters that have been investigated include; fluence, pulse duration, wavelength, 
carrier gas and absorption properties of the sample.25•39 However, it is important to 
understand that the particle size distribution created by the ablation process is not 
. indicative of what reaches the ICP, since particles can change shape by processes such 
as vaporisation, condensation and agglomeration with other particles.4o The processes 
involved in the formation of particles from ablated matter are complex and remain 
poorly understood; however, recent models, provided by Hergenroder,41-43 have helped 
to clarify this complexity and provide explanations for the different particle size 
fractions encountered. 
This work reports a detailed investigation into the benefits of the addition of organic 
chromophores, simultaneously acting as binders, to powdered samples before 
subsequent pressing into discs. The organic chromophores chosen for this investigation, 
vanillic acid, pyrazinoic acid and nicotinic acid, are common Matrix Assisted Laser 
Desorption Ionisation (MALDI) matrices and were chosen due to their high absorbance 
at 213 nm, the wavelength of the laser ablation system employed. The other binder 
investigated in this work, poly(vinyl alcohol) (PVA), was chosen since it, and other 
high molecular weight alcohols and polymers, have been reported to act as effective' 
sample binders.16. 44-48 Further, PV A is relatively non-absorbing in comparison to the 
'absorbing' binders at the laser wavelength. The molecular structures of all four binders 
are shown in Figure 37; whilst Table 15 lists their Am"" values and associated molar 
absorptivities.49 
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Vanillic acid Pyrazinoic acid 
Nicotinic acid poly(vinyl alcohol) 
Figure 37 The molecular structure of the four binders investigated in this work· 
The addition of chromophores should improve the coupling between the laser beam 
energy and the sample, leading to an improved efficiency of ablation and the formation 
of smaller particles at the ablation site. The smaller particles are more efficiently 
transported to,and more fully processed by the plasma, leading to enhanced sensitivity 
and a reduction in elemental fractionation. It was anticipated that by incorporating the 
chromophores into the discs a more sample independent ablation process would result, 
offering the possibility of improved analytical data when using external calibration 
standards. This is of particular importance when no suitable internal standard is 
available. 
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Table 15 Amn values and molar absorptivities for various binders used in this investigation.4' 
Binder Am",(nm) Molar absorptivity. Em",. (L mor' cm"') 
Vanillic acid 217 22900 
Nicotinic acid 217 8610 
Pvrazinoic acid 208 7960 
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Experimental 
Solid Sample Preparation 
The powdered sample, in this case a certified reference material, and the powdered 
binder: PV A (Fisher Scientific, Loughborough, Leicestershire, UK), vanillic acid, 
pyrazinoic acid or nicotinic acid (Alfa Aesar, Heysham, Lancashire, UK), were weighed 
out to yield a combined total mass of 0.40 g. Table 17 lists the required masses of 
sample and binder to produce discs of various samplelbinder composition. 
Two methods were employed for mixing of the two powders. The first was to simply 
combine the powders in a pestle and mortar and grind for a period of 10 min until a 
homogenous looking mixture was achieved. The second approach involved the use of a 
MM 200 mixer mill (Retsch, Leeds, Yorkshire, UK) to obtain a more homogenous 
mixture, utilising the parameters listed in Table 16. In this case, the mixture was 
weighed out directly into a 25 mL polystyrene sample vial with two, 9 mm polyamide 
beads. The mixture was homogenised for a period of 15 min at a frequency of 30 Hz. 
0.25 g of the resulting mixtures of sample and binder were transferred to a standard 
infrared (IR) press using 13 mm dyes (Specac, Orpington, Kent, UK) and pressed into a 
disc using 10 tonnes of pressure for approximately. 5 min. The resulting discs had a 
diameter of 13 mm and a thickness of 1.2 mm. This method of pressing produced discs 
of good mechanical stability and of good surface finish, as can be seen in Figure 38, 
especially as the ratio of binder to sample was increased. 
Table 16 Experimental parameters used for powder homogenisation. 
Mixer Mill 
Ball mill type 
Frequency 
Duration 
Containment 
Mixing balls 
Pestle and Mortar 
Type 
Duration 
MM 200 Mixer Mill 
30Hz 
15 min 
25 ml polystyrene vials 
9 mm diameter polyamide 
5 cm Agate pestle and mortar 
IOmin 
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Early trials with PV A suggested that particle sizes of <50 !lm were required for good 
ablation performance. The particle sizes used in this investigation were much smaller 
and were mostly in the I - 10 !lm range, which is the range produced by the mixer mill 
(values taken from manufacturers specification for milling of soft powders). 
Figure 38 Digital photograph of a disc produced using vanillic acid as a binder and employing the 
mixer mill as a samplelbinder mixing method. 
Table 17 The required masses of binder and CRM required to produce discs of varying 
composition. 
O/OCRM 0/0 binder MassofCRM Mass of binder Total mass of mixture 
0 lOO 0.00 0.40 0.4000 
10 90 0.04 0.36 0.4000 
20 80 0.08 0.32 0.4000 
40 60 0.16 0.24 0.4000 
60 40 0.24 0.16 0.4000 
80 20 0.32 0.08 0.4000 
100 0 0.40 0.00 0.4000 
Instrumentation 
Table 18 lists experimental parameters for all the instrumentation used throughout this 
investigation. A commercially available UP-213 Laser Ablation System (New Wave 
Research Inc., Huntingdon, Cambridgeshire, UK) operating in the deep UV (213 nm) 
was employed using He as a carrier gas due to its improved ablation and transport 
characteristics.29• 50. 51 The He carrier gas was combined with an auxiliary Ar gas flow 1 
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m before the torch using a simple polypropylene 'Y' -piece (Fisher Scientific, 
Loughborough, Leicestershire, UK). A further tangential mixing vessel was placed in 
the Peltier chamber of the ICP-MS to facilitate further mixing of the two gas lines. All 
gas lines used were constructed from 1 m lengths of 6 mm 0.0. TygonTM tubing (Fisher 
Scientific, Loughborough, Leicestershire, UK). 
The LA system was coupled to a VG PQ ExCell ICP-MS instrument (Thermo Electron 
Corporation, Wins ford, Cheshire, UK). Optimisation of the torch-box position, lens 
voltages, auxiliary Ar gas flow and LA carrier gas flow was performed before analysis, 
with respect to the 1151n signal intensity obtained upon ablation of NIST 612 Trace 
Elements in Glass CRM. The LA parameters employed were used to reproduce the 
typical conditions encountered in bulk analysis by LA-ICP-MS. 
Calibration experiments were performed both under 'dry' and 'wet' plasma conditions 
and the quality of analytical data compared to determine whether the more standardised 
plasma conditions offered by employing a 'wet' plasma led to an improvement in data 
quality, as has been previously reported.52 In this context the term "wet" refers to a 
plasma in which the liquid phase aerosol and vapour phase water are present, i.e. the 
classical wet plasma produced in solution analysis. This was achieved by combining the 
aerosol produced by solution nebulisation of 18.2 MO cm-I purity water (Elga Lab 
Water, High Wycombe, 'BUCkinghamshire, UK) using a PFA-IOO JlL Fixed Capillary 
Nebuliser (Elemental Scientific Inc., Omaha, Nebraska, USA) and custom made 
cyclonic spray chamber, with the LA aerosol using the polypropylene 'Y' -piece. Figure 
39 shows the experimental arrangement employed. 
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Figure 39 A schematic of the system used for LA-ICP-MS analysis. A PFA nebuUser and custom 
made cyclonic spray chamber was employed to produce the more standardised wet plasma 
condition. 
Table 18 Experimental parameters used for LA-ICP-MS measurements. 
Laser Ablation System 
Type 
Wavelength 
Pulse duration 
Fluence 
Repetition rate 
Sampling strategy 
Spot diameter 
Sample translation rate 
He carrier gas flow 
Ar make up flow 
Binders 
Samples 
[CP-MS 
Type 
Auxiliary gas flow 
Cooling gas flow 
Plasma RF power 
Isotopes monitored 
Acquisition mode 
Detector mode 
Channels per peak 
DweU time 
No. of sweeps 
No. of replicates 
Solid state Nd:YAG, UP-213 
213nm 
4ns 
2 J cm·2 
20 Hz 
Raster 
110 IIm 
10 IIm s' 
0.80L min" 
l.OOL min" 
Poly(vinyl alcohol) (PV A) 
Vanillic acid 
Nicotinic acid 
Pyrazinoic acid 
IMEP 14 Sediment CRM 
GBW 07311 Sediment CRM 
GBW 07401 Soil CRM 
NIST 8435 Whole Milk Powder 
PQ ExCeU 
0.80 L min" . 
12.00 L min" 
1400W 
13C, 47Ti, 52Cr, sSMn, S9CO, 6SCu, 107Ag, ItlAg, 137Ba, 139La, 
t53Eu, 166Er, 2osTI,- 206Pb, 238U 
Peak hopping 
Dual range 
I 
lOOms 
100 
50 
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Solution Nehulisation 
Nebuliser 
Spray chamber 
PFA-IOOJlL fixed capillary 
Custom made cyclonic 
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Diffuse Reflectance analysis was performed on the discs to characterise their absorption 
properties. Reflectance spectroscopy is the study of light as a function of wavelength 
that has been reflected or scattered from a solid, liquid or gas. As photons enter a 
mineral, some are reflected from grain surfaces, some pass through the grain, and some 
are absorbed. The photons that are reflected from grain surfaces or refracted through a 
particle are said to be scattered. Scattered photons may encounter another grain or be 
scattered away from the surface so they may be detected and measured. 
For the purpose of this investigation it was the reflectance of the discs at 213 nm that 
was of particular relevance since this coincided with the wavelength of the LA system 
employed. An Ocean Optics (Dunedin, Florida, USA) photo-diode array spectrometer . 
operated in diffuse reflectance mode was employed in accordance with Table 19. 
Table 19 Experimental parameters used for diffuse rel1ectance analysis. 
Diffuse Reflectance 
Spectrometer 
Light source 
Rel1ectance probe 
Probe holder 
Integration time 
Spectra average 
Rel1ectance standard 
Replicates 
USB2000 
DH2000 
R400-7-SR-BX 
RPH-\ probe holder 
I s 
5 
WS-I diffuse reflectance standard (PTFE) 
5 
Surface profiling, of the craters produced during the laser ablation process, was 
performed using a custom made system employing a RM 600 laser stylus (Rodenstock, 
Munich, Germany) in accordance with Table 20. This is a non-contact laser stylus that 
uses dynamic focusing of the laser beam and the focus error signal to determine surface 
topography. 
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Table 20 Experimental parameters used for snrface profiling. 
Surface Profiling 
Type 
No. of points 
Spacing 
Vertical range 
No. scans per sample 
Homogeneity Trials 
RM 600 laser stylus 
800 
2 I'm 
±300 I'm 
5 
Chapter Four 
In order to perform bulk analysis by LA-ICP-MS it is vital that the analyte is 
homogenously distributed throughout the sample. This is of particular importance when 
a binder is used, whether it is absorbing or not. For this reason an investigation into the 
homogeneity of the elemental distribution was performed, utilising the Transient Rapid 
Analysis (TRA) function of the ICP-MS. A dry plasma was used for this investigation. 
Using the setup described in Figure 39 and the parameters listed in Table 18, the 
distributions of elements within discs produced by mixing in a pestle and mortar and 
discs produced by mixing in a MM 200 mixer mi1l were compared. For this 
investigation, three discs were analysed, consisting of GBW 07311 Sediment CRM and 
a vani1lic acid binder. Their composition and mixing method is shown in Table 21. 
13C was used as an internal standard element to correct for differences in rates of 
ablation during the ablation of each track. The elemental distribution across the discs 
was monitored and the % RSD of the ratio of analyte signal intensity to l3C signal 
intensity was determined and used as an indication of homogeneity. The % RSD was 
determined over a range of 9 mm in the middle of the laser ablated track i.e. between 
the 3 and 12 mm points on the graphs produced. 
Table 21 Composition and production method of discs used in homogeneity trials. GBW 07311 
Trace Elements in Sediment CRM was used as a sample. 
Disc No. Mixing method employed Binder type Composition 
Disc I 
- -
IOO%CRM 
Disc 2 Pestle and mortar Vanillic acid 40% Binder 60% CRM 
Disc 3 Ball mixer Vanillic acid 40% Binder 60% CRM 
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Effect of Different Disc Composition 
Discs of varying composition were produced to determine the effects of different types 
and compositions of binders and samples. Three different 'absorbing binders' were 
chosen for this investigation due to their high absorptivity around the wavelength of the· 
incident laser beam,49 as shown in Table 15: vanillic acid, nicotinic acid and pyrazinoic 
acid. PVA was chosen as an example of a 'non-absorbing' binder. GBW 07311 
Sediment CRM was chosen as a sample in this particular investigation, since it is well 
characterised for a range of analytes. A series of discs with increasing CRM 
composition i.e. 0, 10,20,40,60,80 and 100% was produced for each combination of 
sample and binder. 
LA-ICP-MS Analysis 
These discs were analysed by LA-ICP-MS, using the parameters described in Table 18 
and the setup shown in Figure 39, to determine the effects of differing binder type and 
binder composition on signal sensitivity and stability and to establish the optimum disc 
composition. In each case the laser beam was focused upon the disc surface. Response 
curves were plotted for all the isotopes monitored. 
It should be noted that although the concentration of C was around 50% in the discs, the 
ablated mass produced by the UP-213 LA system was so small that no significant 
deposition was observed upon the cones, even in bulk analysis mode. For this reason no 
0: addition to the plasma was required. 
Diffuse Reflectance Analysis 
Diffuse reflectance analysis was performed, employing the parameters described in 
Table 19, on the same series of discs used for the LA-ICP-MS investigation, to 
determine the effect of differing binder type and binder composition on the absorption 
properties of the discs. The mean % reflectance at 213 nm was determined for each disc 
using five replicates. All reflectance measurements were made relative to a 
polytetrafluoroethylene (PTFE) diffuse reflectance standard. 
The absorption properties of the pure binders were characterised by determining the 
mean % reflectance of' 1 00% blank' discs, with respect to the PTFE standard. 
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Surface Profilometry 
Surface profilometry was performed on the discs produced from 100% of each of the 
binders and the pure CRM, to determine the maximum ablated crater depth, produced 
during the LA process. This crater depth was used as an indication of the effective 
ablation depth achieved by the laser. It is recognised that optical absorbance was not the 
sole parameter affecting the data obtained in this investigation, and that the different 
physicochemical properties of the binders also affected the outcomes. However, the 
particle sizes of the binders used to press the discs were all similar and the press has 
been shown to produce discs of consistent density and hardness, so it was reasonable to 
assume that absorbance was the major factor determining the depth of the craters 
ablated. 
Calibration and Analysis 
To determine whether the presence of the organic chromophore offered any advantage 
when performing quantitative analysis by LA-ICP-MS, two simple calibration strategies 
based upon external calibration with and without internal standardisation were devised. 
Nomenclature 
I = Signal intensity or ion count rate (counts sol) 
C = Concentration (mg kg-I) 
Superscript 
A = Analyte 
LS = Internal standard element 
Subscript 
s· = Sample 
Std = Standard 
The concentration of analyte within the sample disc is determined from: 
CA=IVI:td S S CA 
Std 
(11) 
If an element of known concentration is available within the sample and standard, 
internal standardisation can be utilised yielding equation 12. 
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. AlA 
. S l~S, 
C
A C~S, 
, S = /;td . (12) 
A 
CStd 
l IS. Std 
CI .S. Std 
Calibration was perfonned using sample and standard discs produced from 100% 
CRMs, and from sample and standard discs produced from 60% CRM and 40% PV A or 
vanillic' acid binder. Different combinations of discs were used as sample and external 
standard and the quality of data compared to detennine the effects of the presence of the 
vanillic acid organic chromophore, in particular whether utilising vanillic acid offered 
an improvement in data quality over PV A or pure pressed sample/standard. These 
investigations were perfonned under both wet and dry plasma conditions to detennine 
whether the use of wet plasma conditions offers any advantage with respect to 
standardising plasma conditions as observed in previous work. 52 
Another set of calibrations were perfonned involving the use of a sample and a standard 
that were totaUy different in tenns of their matrix composition. NIST 8435 Whole Milk 
Powder CRM was employed as either sample or standard with the other soil and 
sediment CRMs used previously. Again vanillic acid and PVA were used as a binder. 
This type of calibration was perfonned solely to verify the advantages offered by 
employing an absorbing binder, it is recognised that this deliberate 'mismatching' of 
sample and standard would not be employed for the analysis of a real sample. This 
series of calibrations were perfonned utilising 'dry' plasma conditions only. 
It should be noted that for analysis of a 'real' sample, an internal standard element 
would nonnaUy be employed to correct for differences in ablation rates between the 
sample and the standard. In this investigation, the relative data quality between 
calibration sets, without internal standardisation, was more important than the absolute 
data quality with internal standardisation, to show the differences between the binders. 
However, since CRMs have been used as both samples and standards, then an internal 
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standard element was available. For this reason, data utilising 65CU as an internal 
standard element is also presented and is useful in providing a comparison of the data 
quality obtainable by this method. 
- 168-
Chap ter Four 
Results and Discussion 
Homogeneity Trials 
T he elemental d istributions across the discs produced using the ba ll mi xer were much 
more homogenous when compared to those produced using a s imp le pestle and mortar. 
Thi s can be seen in Figure 40 and is numerica ll y ind icated by the much sma ll er % RSDs 
obta ined for those discs as high li gh ted in Tab le 22. Importantly, di scs produced from 
100% CRM, with no subsequent homogenising stage, also showed poor homogeneity, 
indicating the importance of using a homogenising mi xer mill even when no binder is 
employed, s ince the CRM s may not be as homogenous as is often assumed . 
3 
2.5 
o 
Disc 1 100% CRM No Mixing 
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- 238U/13C 
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Figu re 40 LA-I C P-MS ana lysis to determine the elementa l distribution across discs: (I) produced 
from 100% sa mple, (2) 60% CRM and 40% vanillic acid binder mi xed using a simple pestle and 
mortar, and (3) 60% CRM and 40 % va nillic ac id binder mixed using a MM 200 mixer mill. C RM 
was GBW 073 11 edi menl. 
It is vita l that the distribution of ana lyte within the di scs be as homogenous a poss ible 
in order to obta in good quantitative data . In the case of the 'absorbing binders ' it is also 
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necessary to ensure that the sample and binder has been adequate ly mixed to fac ilitate 
an effic ient coupling of the laser beam energy and the samp le surface. It has been shown 
in th is investigation that the use of a mixer mill is essentia l to provide a sufficient 
degree of mixing between sample and bi nder. All di scs produced in this investigation 
were thus created using the mixer mi ll method described and not in a pestle and mortar 
which has been shown to produce an inadequate degree of mix ing. 
Table 22 % RSDs of (a nalyte signa l intensity/"C signal intensity) ratio for discs I - 3. Discs 2 a nd 3 
were prepared using a 60 0/0 C R1\1 and 40 % , 'aoillic acid binder mixture. 
% RSD of (A nalyte Sign al Intensity/"C Signal Intensity) 
Type '''La 
Disc I 100% CRM 44 
Disc 2 Pestle and Monar 39 
Disc 3 Retsch MM 200 26 
Effect of Different Disc Composition 
LA-ICP-MS Analys is 
,o'Pb 
'''u Mean % RSD 
27 127 66 
29 11 7 62 
13 26 22 
The use of vanillic acid as a binder led to increased sensi ti vity in compari son to the 
other binders inves tigated, as indicated by the steep cl imb and the high optimum of the 
curve in Figure 4 1 (a lthough Figure 41 uses 238 U as the analyte, all the analytes 
investigated, see the li st in Tab le IS, gave the same resu lt). Vani ll ic acid was fo ll owed 
by pyrazinoic acid and nicotinic ac id in terms of overall sensitivity. 
This corre lated with the molar absorptiv ities of the compounds quoted in Table 15, in 
which vanillic ac id is shown to possess a greater molar absorptivity when compared to 
pyrazinoic and nicotinic acid. Importantly, all three 'absorbing binders' showed a ga in 
in sensitivity when compared to the use of ' non-absorbing ' PVA . 
The absorbing binders, vani llic ac id , nicotinic acid and pyrazinoic acid , yielded distinct 
curves with optima around 60 - SO% CRM composition. The occurrence of these curves 
with distinct optima can be attributed to two competing facto rs. As the % of sample is 
increased, so to does the analyte concentration within the disc, re ulting in an increase 
in analyte signal in tensity. However, as the % ample is increased, the % of absorbing 
chromophore is subsequent ly reduced, and consequently the absorbance properties of 
the di scs at 2 13 nm. These two competing phenomena result in ca li bration curves with 
- 171 -
--------------------.......... ..... 
Chapter Four 
distinct optima. Signifi cant ly, ana lys is of the sen es of di scs produced using PVA 
yielded a stra ight line (R2 = 0.9994), as for a regu lar external calibration, rather than a 
curve, indicating the absence of any optica l absorbance effect. 
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Figure 41 LA-IC P-MS data for discs prod uced using G BW 07311 edime"t as a sa mple a nd 
different binders of va rying composition . 
The presence of the vani llic acid changes the ab lation characteristics of the di cs 
considerably. Figure 42 shows the sens itivity obtained upon ab lation of target discs of 
differing matrix composition, uti lisi ng vary ing energy density. When va nilli c ac id is 
employed as a binder, the ab lation th res hold of the disc is reached at a lower energy 
density . When no binder is used, or PVA is employed the ablation threshold o f the di scs 
occurs much later. Ultimate ly, thi s means that higher sensiti vity can be obtained when 
the absorbing binder is present in the disc matri x. 
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Figure 42 LA- ICP-MS data at vario us laser energy densities for discs produced usin g 60 % GB\V 
073 11 Sediment as a sa mple, and 40 % vanillic ac id or PVA binder, or pure sa mple. 
Diffuse Reflectance Anal ys i.s 
The occurrence of the distinct curves in Figure 43 can be related to the optica l 
properties of the binders employed. When an ' absorbing binder' was employed, as the 
concentration of sample, and consequently ana lyte, was increased there was a 
subsequent decrease in the absorbance of the sample surface (indicated by an increase in 
% reflectance) due to a reduction in abso rbing binder concentration. There is a 
crossover point for the curves obtained from the ana lysis of pyraz inoic and nicotinic 
ac id; a yet no exp lanati on can be given, although it was observed that after press ing a 
pink tinge was often present on the surface of discs produced from pyrazinoic ac id, 
indicating the occurrence of some unusua l surface effects . Important ly, the data for 
PVA showed a sli ght decrease in reflectance as the sample concentration was increased, 
due to the fact that in th is case the sample, GB W 073 11 Sediment, had a greater 
absorptivity than the binder, PVA. 
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Figure 43 Refl ectance data at 213 nm for discs produced using GB\V 073 t I ed imcn( as a s~lInp l e 
and different binders of varying co mpos it io n. 
The di ffuse refl ectance data fo llowed the same trend as the quoted molar absorpti vities 
of the compounds and the LA- ICP-MS data desc ribed previously. Vani ll ic ac id offered 
the greatest absorbance of the laser energy, foll owed by pyraz inoic and ni co ti nic acid. 
As expected, PVA has been shown to possess the lowest optical absorbance at the las ing 
wave length and showed a greater degree of refl ectance than the pure sample. This is 
shown in Table 23 and Figure 44. 
Table 23 Ren ectan ce data at 213 nnl for discs produced from 100 % of all th e bind ers used in th e 
investigation of discs produced frol11 100% G BW 073 11 Sediment. 
Disc Mean % Renectance Standa rd Deviation % RSD 
Va nillic acid 1.37 0.30 22 .70 
Pvrazinoic acid 2040 0.33 8.68 
Nicotinic ac id 5.26 0040 7.57 
G BW 073 11 Sediment 8048 0.40 4.72 
PVA 11.19 0.96 8.58 
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Figure 44 Reflectance data at 213 nm fo r discs produced from 100% of all th e binders used in the 
investigation and of discs produced from 100% GBW 0731 1 Sediment. Error b'lrs a re delined by 
onc sta ndard deviation either side of the mea n. 
Surface Profiling 
Surface profi ling of the laser ab lated tracks showed that, as expected, ab lation produced 
shallower craters in more absorbing matrices. These data are shown in Table 24 and 
Figure 45, wh ilst Figure 46 gives the profiles of one crater from each substrate, as a 
represen tation of the data obtainable by this technique. The depth of the craters 
produced corre lated with the LA-ICP-MS and diffuse reflectance data a lready reported, 
in that the shallowest craters were produced in the most absorb ing substrate, the vani lli c 
acid. The deepest craters were produced in the least absorbing substrate, the PV A, as 
expected, and the disc prepared from tbe pure sample on ly. The crater depths indicate 
directl y the depth of penetration of the laser beam before its intensity fall s below the 
threshold intensity for ab lation. icotinic acid and pyrazinoic acid gave similar, 
relatively sha llow crater depths, indicating that they offer a simi lar optical penetration 
depth . 
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Table 24 Maximum crater depth measurements for discs produced from each of the four bind ers, 
obtained using surface profilometry. 
Maximum CraLer DepLh ( 111) 
Disc 1 2 3 4 5 Mean SD % RSD 
Vanillic ac id 86 93 8 1 87 86 87 4.2 4.8 
Nicotinic acid 96 86 9 1 105 108 97 9.4 9.7 
Pyrazinoic ac id 9 1 102 104 98 98 98 5. 1 5.2 
PVA 137 152 148 127 109 135 17.3 12.9 
GBW 073 11 120 130 113 13 1 119 123 6.9 5.6 
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Figure 45 S urface profiling data showing the mean depth of cnIter ablated in discs produ ced from 
100% of all the binders used in the investigation and of discs produced from 100% GBW 073 11 
Sediment. Error bars are defined by one standard deviation ei ther s ide of th e mea n. 
It would have been interesting to characterise the shape and max imum depth of the 
craters produced in di scs containing sample rather than just the binders. However, 
access to the surface profi li ng instrumentation was restricted, and it was fe lt that that it 
was most important to charac terise the c raters produced in the four binders, and the pure 
sample. Figure 47 shows the loose correla ti on between the re fl ectance properti es of the 
di scs and the max imum crater depths produced during the ablati on process. That thi s is 
on ly a loo e correlati on can be attributed to the fact that absorption of the inc ident laser 
energy was not the onl y parameter affecting the depth the ablation craters produced . 
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Other physicochemical properties such as hardness and particle Size wou ld have 
affected the crater depth produced. In Figure 47 it can be seen that Nicotinic acid does 
no quite fo llow the trend, in that its reflectance was slightly higher than anticipated. 
Again , no definitive exp lanation is ava ilable although it is possible that particle size 
affected the outcome of the re fl ectance measurements. 
Although the greatest volume/mass of substrate was removed for the non-absorbing 
binder, the highest ana lytical sensiti vity was obtained from the small est crater vo lumes. 
The increased sens itivity offered by us ing an 'absorbing binder ', such as van illic acid, 
was almost certain ly due to the production of smaller sized particles at the ab lation site. 
Such smal ler particles were more efficientl y transported to, and processed by the [CP. 
Recent studies have shown that small particl es are not necessaril y produced directly 
from the laser/so lid interaction, but more likely through secondary processes, namely by 
condensation of vaporised material. 41 -43 Neverthe less, a highl y ab orbing substrate 
resu lt in a thinner melt layer and lower penetration depth , which in tum produces an 
aeroso l with smaller particle sizes, and importantly an absence of larger particles that 
are not efficiently transported and processed by the plasma. Importantly, the generation 
of small er particles during the ablation process is li kely to reduce elemental 
fractionation occurring within the IC P wh ich may be caused by selective vo latili sation 
from the surface o f large particl es that are not fu ll y vaporised. Therefore, the use of 
these absorbing binders should contribute to minimis ing the detrimental effects of 
e lementa l fractionation on quantitati ve ana lysis by LA-I CP-MS, as well as prov iding 
the more obvious benefits offered by increased sensitivity. 
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Calibration and Analysis 
The data obta ined under ' dry ' plasma conditions are shown in Table 25. The recoveries 
were consistentl y closer to 100% when va nilli c acid wa employed as a binder, 
compared to the use of a less absorbing binder or no binder at a ll. Thi s outcome was 
true for a ll the elements studied with no outli ers. When employing the van illic acid, a ll 
external cross-calibrations resu lted in recoveries well within ± 10%. Th is was due to the 
chromophore dominating the ab lation process rather than the sample. Un li ke simple 
dilution of the sample, thi s 'active substrate' d ilution/matrix match ing enhanced 
sensitivity rather than reduced it. Vani llic acid yie lded a signal response that was three 
times greater than when PVA was used . 
External cross-ca libration using di scs of 100% CRM resulted in a broad range of 
recoveries (47 - 199%), indicating that the differences in sample matrix had large effects 
on the quality of data obta ined. It is well documented that even smal l changes in sample 
matrix can lead to large variations in ablation rates and hence the poor quality data 
obtained by thi s type of cross-cali bration was to be expected. 
- 179 -
Chapter Four 
When the non-absorbing PV A was employed as a binder, the quality of the data 
declined even further and a larger range of recoveries was obtained (47 - 219%). This 
can probably be attributed to the dilution of the sample resulting in reduced sensitivity, 
since unlike vanillic acid, PV A does not offer an increase in target absorbance. This 
reduction in sensitivity meant that many analytes in the discs were at levels closer to 
their detection limits where the quality of analytical data was poorer. 
Table 25 Calibration data showing the mean and % RSD of calibration recoveries using different 
combinations of discs as sample and standard. Obtained under 'dry' plasma conditions. 
Recovery Data Recovery Data Recovery Data 
100%CRM % 40%PVA % 40% VaniIlic % 
Sam le Standard Mean RSD Mean RSD Mean RSD n= 
IMEP 14 GBW07311 199 25 219 20 92 12 6 
GBW07401 GBW07311 110 20 149 53 109 12 15 
GBW07311 IMEP 14 53 15 47 20 104 23 6 
GBW07401 IMEP 14 47 11 72 60 110 13 6 
GBW07311 GBW07401 89 20 132 170 96 9 15 
IMEP14 GBW07401 222 49 164 32 92 13 6 
Mean 120 23 131 59 101 14 
Standard deviation 74 63 8 
%RSD 62 48 8 
The fact that an absorbing binder such as vanillic acid does offer an advantage over the 
use of a non-absorbing binder, such as PV A, was confirmed by the repeat of the 
analyses under wet plasma conditions. Table 26 shows that the calculated recoveries 
were much closer to 100% when vanillic acid was used rather than PV A or no binder at 
all. 
The quality of the analytical data obtained under wet and dry plasma conditions showed 
no significant differences. The recoveries were perhaps slightly better under wet plasma 
conditions, but the differences were not large enough to confirm the merits of 
employing a wet plasma for this type of calibration. Unlike previous work,s2 the 
determining factor in this investigation was the difference in sample and standard 
matrix, resulting in variations in ablation yields during the ablation process and not 
during the vaporisation and ionisation processes occurring within the plasma i.e. plasma 
processes were secondary to the primary ablation processes. Here, by using a 
standardised and strongly absorbing matrix, the total plasma loading did not vary as 
much between samples and standards as when a dried nebuliser derived aerosol is used 
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to calibrate the response from it laser ablated solid substrate (water is needed in this case 
.to produce a single dominant plasma species). 
Table 26 Calibration data showing the mean and % RSD of calibration recoveries using different 
combinations of discs as sample and standard. Obtained under 'wet' plasma conditions • 
. 
Recovery Data Recovery Data Recovery Data 
100% CRM (%) 40%PVA(%) 40% Vanillic (%) 
Sample Standard Mean RSD Mean RSD Mean RSD n-
IMEP 14 GBW073Il 177 17 183 19 93 10 6 
GBW07401 GBW073Il 115 23 125 55 110 12 15 
GBW073Il IMEP 14 69 15 49 20 104 24 6 
GBW07401 IMEP 14 59 18 75 55 III 15 6 
GBW073II GBW07401 92 24 130 71 98 7 15 
IMEP14 GBW07401 174 37 149 41 94 11 6 
Mean 114 22 119 44 102 13 
Standard deviation 51 49 8 
%RSD 45 41 8 
The advantages of employing an absorbing binder are emphasised in Table 27, which 
shows the analytical data obtained by using a sample and standard that differed greatly 
in terms of matrix composition. Once again the vanillic acid binder yielded a 
considerable improvement in data over that obtained from the use of discs produced 
from 100% CRM and those produced using PV A as a binder. 
Table 27 Analytical data showing the mean and % RSD recoveries using different combinations of 
discs as sample and standard. In this case the sample and standard were deliberately chosen to 
differ in terms of their matrix composition. IMEP 14 and GBW 07311 are sediments, GBW 07401 is 
a soil, whilst NIST 8435 is a powdered milk. The data were obtained under 'dry' plasma conditions. 
The title 'n=' represents the number of analytes quantified per calibration. 
Recovery Data Recovery Data Recovery Data 
. 100% CRM (%) 40%PVA(%) 40% Vanillic (%) 
, Sample Standard Mean RSD Mean . RSD Mean RSD n= 
NIST8435 GBW073Il 286 51 291 55 158 16 5 
NIST8435 GBW07401 314 44 294 53 165 16 5 
NIST8435 IMEP 14 232 III 212 98 166 12 4 
GBW07311 NIST 8435 41 40 40 53 66 20 5 
GBW07401 NIST 8435 36 34 33 44 68 15 5 
IMEP 14 NIST8435 78 55 61 62 72 14 4 
Mean 165 56 155 61 116 16 
. 
Standard deviation 127 125 52 
%RSD 77 80 45 
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Table 28 and Table 29 show the data obtained when 65CU was employed as an internal 
standard element. There was a vast improvement in the quality of the analytical data 
from the calibrations performed using discs produced from 100% CRM and those 
produced from 40% PV A. This improvement is expected since the use of 65CU as an 
internal standard element corrects for differences in ablation rates between sample and 
standard, which would have been significant when utilising 100% CRM or the PV A due 
to differences in target matrix. The quality of data did not improve for discs produced 
using vanillic acid since the standardised target matrix offered by these discs meant that 
rates of ablation were similar between sample and standard, and hence internal standard 
correction was not required. It is accepted that the data quality obtained using internal 
standardisation was actually reduced for the calibrations involving vanillic acid. No 
defmitive explanation can be given for this, except that the homogeneity of the CRM's 
is questionable (as has already been shown in Figure 40). It is likely that for this 
particular disc the Cu was not distributed in a homogenous manner, resulting in poorer 
analytical data when utilising internal standardisation. 
It would be possible to simply add internal standard elements as aqueous spikes, prior to 
the homogenisation and pressing stages. This is of particular interest for the analysis of 
samples where no prior knowledge of the sample is obtainable. This technique will be 
evaluated in a latter chapter, discussing the incorporation of isotopic spike solutions into 
the pressed discs. 
It was subsequently realised that the use of an absorbing binder offered another major 
benefit for the analysis of pressed powders. As discussed previously, the analysis of 
pressed powders is often hampered by inhomogeneous distribution of elements. It is 
therefore of major importance that the sampling area is as large as possible, since a 
larger sampling area is statistically more likely to be representative of the whole sample. 
The UP-213 Laser Ablation System can deliver spot sizes up to 110 /lm in aperture 
imaged mode, meaning that any changes up to this point are performed whilst 
maintaining constant energy density at the sample surface. It is possible to increase the 
spot size further, up to 250 /lm, via beam expansion mode to improve the quality of data 
achievable for applications involving bulk analysis. However, an increase in spot size 
from 110 - 250 /lm is accompanied by a large reduction in energy density at the surface. 
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For regular samples, this could prove problematic since the energy density may fall 
below the threshold value required for ablation. As has already been shown in Figure 
42, utilising a binder that absorbs heavily at the lasing wavelength significantly reduces 
this threshold value, meaning that it would be possible to select the largest possible spot 
size available and still have enough energy density for efficient ablation. The 
consequence of this is that the use of vanillic acid allows analysis of a larger sampling 
area, reducing the detrimental effects of inhomogeneous analyte/internal standard 
distribution. 
Table 28 Analytical data, using "Cu as an internal standard element, showiug the mean and % 
RSD recoveries using different combinations of discs as sample and standard. The data were 
obtained under 'dry' plasma conditions. The title 'n=' represents the number of analytes quantified 
per calibration. IMEP 14 and GBW 07311 are sediments whilst GBW 07401 is a soil . 
. 
Recovery Data Recovery Data Recovery Data 
100% CRM (%) 40%PVA(%) 40% Vanillic (%) 
Sample Standard Mean RSD Mean RSD Mean RSD n-
IMEP 14 GBW07311 86 20 . 82 20 92 22 5 
GBW07401 GBW07311 135 20 114 53 III 21 14 
GBW07311 IMEP 14 124 19 126 19 Il7 24 5 
GBW07401 IMEP 14 146 21 142 63 119 12 5 
GBW07311 GBW07401 76 19 105 46 93 17 14 
IMEP14 GBW07401 71 18 85 36 85 13 5 
Mean 106 20 109 40 103 18 
Standard deviation 33 23 15 
%RSD 31 21 14 
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Table 29 Analytical data, using 65Cu as an internal standard element, showing the mean and % 
RSD recoveries using different combinations of discs as sample and standard. In this case the 
sample and standard have been deliberately chosen to differ in terms of their matrix composition. 
IMEP 14 and GBW 07311 are sediments, GBW 07401 is a soil, whilst NIST 8435 is a powdered 
milk. The data were obtained under 'dry' plasma conditions. The title 'n=' represents the number 
of analytes quantified per calibration. 
~ Mean RSD M ,an . RSD 1\ ID RSD n= 
NIST8435 ~~'0~~11l~~~11'0~8+-~5~8~~l3~~~54-+~~-r~~26-+~~ 
NIST 8435 GBW 07401 65 7 17 30 
~IST8435 ~~CP~.4~~~9~3+-~:4~-7~r-~29-r~~+-~1~2+-~ 
GBW07311 ~8435 113 ~5 119 40 51 
GBW 07401 NIST 8435 121 ~I :20 41 . 30 
IMEP 14 NIST 8435 90 69 91 69 87 11 3 
Mean 98 41 98 42 101 27 
20 20 21 
%RSD 20 20 20 
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Chapter Conclusion 
This work has shown that by utilising a binder that absorbs strongly at the lasing 
wavelength of213 nm, such as vanillic acid, rather than a non-absorbing binder such as 
PV A, excellent quality analytical data was obtained without the use of internal 
standardisation. By adding vanillic acid to the powdered sample of interest, an 
approximately three-fold gain in sensitivity was achieved over the use of PV A, leading 
to lower limits of detection and an improvement in quantitation. Importantly, the 
chromophores employed were successful as binders and produced discs of greater 
mechanical stability than by pressing the sample alone. 
The data suggests that the mechanism for the increase in sensitivity was through the 
formation of smaller particles during the ablation process. Diffuse reflectance data 
showed that a greater absorptivity at the lasing wavelength was obtained by utilising 
vanillic acid as a binder. A greater absorption of the laser energy by the sample surface 
leads to a shorter effective penetration depth, as was shown by the surface profilometry. 
This allows a greater energy density to be achieved in the target, leading to the 
formation of smaller particles. Such particles are more efficiently transported to, and 
processed by the ICP, leading to an improvement in sensitivity and a reduction in 
plasma based elemental fractionation. 
Employing vanillic acid as a binder introduces a degree of matrix matching between 
sample and standard, but more importantly, standardises the absorptivity of the matrix. 
This in turn leads to a standardisation of ablation conditions and mass flux to the plasma 
which are pre-requisites for robust calibration. Unlike the use of a traditional, non-
absorbing binder, which simply dilutes the sample, this matrix matching is accompanied 
by an increase in sensitivity. The result is a substantial improvement in the quality of 
data obtained when using external calibration for LA-ICP-MS. 
The use of absorbing chromophore binders has been shown to offer a robust calibration 
method for the quantitative analysis of powdered samples using simple external 
calibration. The data produced would be fit-for-purpose in many practical analytical 
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applications. The technique is simple and employs commonly available laboratory 
reagents and equipment. 
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Isotopic Dilution for Quantitation by Laser Ablation 
Inductively Coupled Plasma Mass Spectrometry 
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Chapter Abstract 
Two techniques allowing the absolute quantitation technique of isotope dilution to be 
used in conjunction with laser ablation sampling have been developed. A detailed look 
at the theory and nomenclature is presented for both strategies. Both strategies are 
variations of the work previously described in chapters three and four, modified to 
allow the incorporation of an isotopic spike solution. 
In the first technique for consolidated solids, introduction of the isotopic spike solution 
was via a nebuliser and spray chamber arrangement in accordance with the online 
additions approach. The second technique allowed incorporation of the isotopic spike in 
a powdered sample before subsequent pressing into a disc. 
Importantly, the basic theory of isotope dilution is derived in a form that is suitable for 
LA-ICP-MS and enables is to be applied in various modes. 
Both techniques have been validated by analysis of certified reference materials; NIST 
612 glass for the online additions strategy; GBW 07311 Sediment, GBW 07401 Soil 
and NIST 1547 Peach Leaves for the pressed powder technique. 
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Introduction 
The technique of isotope dilution mass spectrometry (ID-MS) was initially developed 
for elemental analysis during the 1950's using Thermal Ionisation Mass Spectrometry 
(TIMS). More recently Inductively Coupled Plasma Mass Spectrometry (ICP-MS) has 
been used in conjunction with ID-MS for elemental analysis, since it offers the highest 
accuracy and precision, and typically requires much less sample preparation. Elemental 
ID-MS uses an enriched isotope of the target analyte as the optimal form of internal 
standardisation, the isotopic 'spike' being added at the earliest possible stage in the 
analytical process. I•2 
Table 30 Standardised terminology used in the text to describe ID-MS procedures.' 
Terminology 
Spiking 
Blend 
Spike isotope ratio 
Natural isotope ratio 
Blend isotope ratio 
Description 
Addition of an isotopically enriched material to a natural calibration 
standard or sample. 
The mixture obtained by spiking a natural calibration standard or sample 
wilh an enriched material. 
The ratio oflhe amounts oflhe natural and enriched isotopes in lhe material 
used for spiking. 
The ratio oflhe amounts oflhe natural and enriched isotopes in eilher lhe 
natural calibration standard or lhe sample. 
The ratio oflhe amounts oflhe natural and enriched isotopes in lhe blend. 
ID-MS can be considered as a definitive method with definable uncertainty values 
because as a ratio measurement technique it can be described completely in terms of a 
measurement equation. This is reflected in the fact that it is widely used by national 
measurement institutes for the validation of CRMS.2 
Optimum Spike Levels2 
The exact signal matching approach to ID-MS involves an iterative adjustment 
procedure requiring isotopic ratio measurements for many gravimetrically prepared 
'blends' containing the enriched (spike) isotope, and either the unknown sample or a 
natural calibration standard. This process culminates in calibration and sample blends 
that are exactly matched in that they have the same concentration of analyte isotope in 
the spiked sample and the spiked calibration standard. Ideally the ratio of the analyte 
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isotope to the spike isotope in each sample and standard blend should be equal to I. 
This results in low uncertainties, since systematic errors in the determination of the 
isotopic ratios are cancelled out under exactly matched conditions. However, this 
approach can become laborious as several iterations may be required, as well as the fact 
that it is not always feasible to achieve the blend isotope ratio of I. 
The . approximate signal matching approach to ID-MS provides a less onerous 
alternative to the exact signal matching technique. This technique is essentially the 
same, but requires less iterations, whilst still retaining many of the advantages of the 
exact signal matching. In this approach, the two approximately matched sample and 
standard blend are run alternatively to provide a series of replicate measurements which 
can be averaged as with the exact signal matching approach. 
Regardless of the calibration strategy employed there are a number of factors which 
must be considered to determine the optimum spike ratio and minimise error, whilst 
maximising the measurement precision for each ID-MS application .. These factors 
include the 'error propagation' and the characteristics of the mass spectrometer 
(precision, ion counting uncertainty, background, linear dynamic range and detector 
dead time). This error propagation factor is a theoretical optimum for spiking samples to 
achieve the best precision for the ratio measurement, and can be calculated from the 
isotopic abundances in the natural sample and the isotopically enriched spike and is 
dependent upon the isotope system being employed. 
As discussed above the optimum blend isotope ratio is as close as possible to I, but 
achieving this often leads to practical problems e.g. 
I. Samples with high analyte concentration require large quantities of expensive 
spike which is often impractical since the spike is only available as a dilute 
solution. 
2. The uncertainty at very low analyte concentration is high since both isotope 
measurements may be close to detection limits leading to an imprecise isotope 
ratio measurement. 
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3. For some analytes the only desirable spike is radioactive, making it desirable to 
use very low analyte concentrations. 
Isotope Ratio Measurements using LA-ICP-MS 
ICP-MS will, for many elements, gradually replace TIMS as the method of choice for 
the direct determination of isotopic ratios in solid samples. This can be attributed to 
instrumental developments for both single and multi-collector ICP-MS. The major 
limitation for the determination of accurate and precise isotopic ratios by LA-ICP-MS 
lays in the instability of the ICP and the ablation process itself. Instrumental 
developments have therefore focused upon improving the ablation regime, the stability 
of the ICP, and the sample introduction of ablated matter into the ICP. A great deal of 
work has gone into the development of multiple ion detection systems. 
The most frequently employed LA-ICP-MS systems utilise quadrupole technology. 
Using single collector instrumentation the uncertainty budget is dominated by the 
precision of measurement of the isotopic ratios. A key advantage of quadrupole 
instruments is their ability to scan rapidly across a broad mass range; however, for 
isotopic ratio measurements, individual isotopes are ideally monitored for a much 
longer time duration which may not be possible in LA measurements. Operating in peak 
jumping mode, the quadrupole is inherently unstable in its mass stability and therefore 
not suited to highly accurate and precise ratio measurements. Using optimised 
measurement stratergies3 typical isotope ratio precisions between 0.1 and 0.5% RSD 
can be obtained. Incorporation of a collision cell can improve the isotope ratio precision 
for quadrupole instrumentation not only by the reduction of interferences, but by 
reducing the ion energy spread resulting in greater ion transmission.4 . 
Alternatively, Allen et al. 5 utilised a twin quadrupole instrument for the simultaneous 
determination of LA-ICP-MS. This arrangement yielded an isotopic ratio measurement 
precision of 0.06 - 1 % RSD for the measurement of 52CrPCr in a NIST 1263 steel 
reference material. 
LA in combination with double focusing sector field instrumentation, with a single ion 
detection system is advantageous for accurate and precise isotope ratio measurements at 
trace and ultra-trace levels. This instrumentation offers flat-topped peaks when operated 
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under low resolution conditions in comparison to quadrupole instrumentation, which 
allows for measurement precisions in the order of 0.1% RSD.5 If higher resolution is 
required then this measurement precision falls due to reduced sensitivity and loss of 
flat-top peak shape.6 
The best isotope ratio measurement precision for LA-ICP-MS, down to 0.005 %RSD, is 
possible by utilising sector field instrumentation with multiple ion collectors; for the 
simultaneous detection of mass separated ion currents.6 This instrumentation has opened 
the· way for analysis of complex matrix samples by ID-MS, with uncertainties 
achievable by few other techniques. Walder7 first demonstrated the potential of LA-
ICP-MS for direct, very high precision isotope ratio measurements on solid samples. 
This work demonstrated, by measuring Pb ratios in NIST glass, that LA-ICP-MS could 
provide isotope ratios in agreement with TIMS and of comparable precision. In this 
work, using craters of just 30 flm, % RSDs in the order of 0.09% were obtained whilst 
monitoring the 207Pb/206Pb ratio. This pioneering work was followed by in-situ isotopic 
analysis of various elements in a wide variety of sample types using LA-ICP-ID_MS.8.9 
Current Work 
In this work two approaches have been used allowing the. absolute quantitation 
technique of isotopic dilution to be used in conjunction with LA-ICP-MS. ID-MS 
should prove to be a powerful quantification strategy for LA, especially in the absence 
of matrix matched CRMs. The ID-MS measurement corrects for fractionation effects 
since it relies on measurement of isotopes of the same element. If homogenous 
distribution of the spike and analyte is achieved, all fractionation effects are eliminated 
by the ratio measurement of the isotope diluted sample. 
The first approach as reported by Becker et al. 10 uses the dual sample/standard approach 
as described in chapter three and hence the aqueous isotopic spike was introduced 
online using a nebuliser and spray chamber arrangement. The advantage of this method 
is the lack of necessary sample preparation; however the limiting factor is the different 
forms the sample and spike are introduced into the plasma in. Using this approach it is 
also difficult to ensure complete equilibrium between the sample and spike, greatly 
limiting the potential of the technique to deliver precise and accurate analytical data. 
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One further limitation is that the relative mass flux between the two sample introduction 
lines requires characterisation, meaning an internal standard element of known 
concentration is required within the sample. In previous work utilising solution 
nebulisation to introduce the isotopic spike solution,IO a relative sensitivity factor (RSF) 
was used to correct for the relative sensitivities of the two sample introduction sources. 
This RSF was not determined by ID-MS, and hence its use introduces a large 
uncertainty into the final analyte determination, eliminating the benefits of analyte 
determination by ID-MS. To maintain the benefits offered by ID-MS, the ID-MS 
process needs to be performed twice, once for the internal standard element to 
characterise the relative mass flux rates between the two sources, and again for the 
analyte element. 
The second approach as developed by Heumann et al. ll -14 incorporates the isotopic 
spike into a powdered sample before subsequent pressing into a disc as described in 
chapter four. The advantage of this technique is that only one sample introduction line is 
used, and in theory the relative mass flux between sample and spike is gravimetrically 
determined, such that an internal standard element is not necessary. 
It is vital that the spike is added in such a way that homogeneity is achieved. In the 
work of Heumann et at. ll-14 homogenization of the isotope-diluted sample was achieved 
by suspending the sample powder in the spike solution, followed by evaporation of the 
suspension to dryness. The resulting mixture was pressed into a disc using mechanical 
means. The detrimental effects of spike/analyte in-homogeneity were reduced by 
employing a special LINA-Spark-Atomiser laser system (Gothenburg, Germany). By 
focusing of the laser approximately 15 mm behind the sample surface and use of pulse 
energies up to 350 mJ, the isotope-diluted sample was first molten and then evaporated, 
which equilibrated the analyte with the spike. A large variety of different samples were 
analyzed by LA-ICP-ID-MS, including alkaline earth fluorides, sediments, and 
biological samples. 
This work aims to tie the two LA-ICP-ID-MS approaches together and make them more 
approachable to the analyst not so familiar with ID-MS strategies. This is achieved 
using simplified and common nomenclature. 
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Nomenclature 
m = mass flow rate 
A = Abundance % 
C = Concentration 
Superscript 
Sample = Sample e.g. NIST 612 or GBW 07311/07401 
Spike = IsotopicaIly enriched spike solution e.g. NIST 983 
Subscript 
= Isotope I 
2 = Isotope 2 
Element = Element ofInterest e.g. elemental mass flow ratio 
Flux = Flux e.g. mass flux ratio 
Online Addition of an Isotopic Spike to Determine Mass Flow Ratio 
. = ( • Spike X ASpike)+ ( • Sample X AsamPle) 
ml \J11Element I \J11Element L 
. = ( . Spike X ASPike)+ ( • Sample X A· SamPle) 
m2 \!nElement 2 V11Element 2 
Taking ratios yields; 
[ 
• Spike 
m Element 
• • Sample 
m I m Element 
-. = [ . Spike 
m 2 m Element 
• Sample 
m Element 
I 
A 
Spike J A Sample 
X I + I 
. A Spi/re J A Sample 
X 2 + 2 
• • Spike 
(13) 
(14) 
(15) 
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Where m, is the measured isotopic ratio and mElemen, is the elemental mass flux ratio. 
• • Sample 
ml mElement 
Substitution and multiplication yields; 
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m1 x mE/emen, x ASPike + ml x ASample = mE/ernenl x ASPike + ASamPie 
(
• • Spike J (. ) (.SPlke J 
• • Sample 2 • 2 • Sample I 1 
m2 mElement 'm2 , mElernen, 
Rearranging yields the elemental mass flow ratio as; 
• Spike 
mE/ernent 
• Sample 
mEfement 
A;amPle _ (~X A~ampl'J 
(:: X A~PlkeJ- A~Plke (17) 
• Spike 
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(16) 
This elemental mass flow is not the same as the mass flux ratio mFlux since we need 
• Sample 
mFlux 
to account for the relative concentrations of the sample and spike e.g. 
• Spike • Spike Spike 
m Element = m Flux X C Element 
• Sample • Sample CSamPle 
m Element = m Flux X Element 
Thus; 
mElerne"t 
( 
• Spike J 
• Spike Spike • Spike Sample 
m Flux = C Element = m Element' X C Element 
• Sample (. Sample J . Sample CSPlke m Flux m Element m Element Element 
Csample Element 
(18) 
(19) 
(20) 
This approach can be performed using an element of known concentration to determine 
the mass flow ratio. In a similar approach as used in chapter three, this mass flow ratio 
can be used in the quantification of an unknown element. So in effect the LA-ICP-ID-
MS method is performed twice, once using an internal standard element to determine 
the mass flow ratio, and once for the quantification of an unknown. Knowing the mass 
flow ratio allows calculation of the analyte concentration according to equation 2 I. 
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CsamPle Ana/yte = 
• Spike / • Spike 
m Flux m Ana/yte 
• Sample • Sample 
m Flux m Ana/yle 
Spike 
CAna/Yle 
Pressed Powder Approach 
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(21) 
The same theory can be utilised for the pressed powder approach. In this scenario, the 
mass flow ratio is determined gravimetrically via gravimetric addition of the spike 
solution to the powdered mixture prior to pressing. 
This method offers the advantage that no internal standard element is necessary to 
determine the mass flow ratio prior to analyte determination. That is to say that the LA-
ICP-ID-MS procedure is only performed once and not twice as in the online additions 
procedure. This is a major advantage since no prior knowledge of the sample is 
required. 
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Experimental 
Instrumentation 
A commercially available UP-213 Laser Ablation System (New Wave Research Inc., 
Huntingdon, Cambridgeshire, UK) operating in the deep UV (213 nm) was employed 
using He as a carrier gas due to its improved ablation and transport characteristics,IS-17 
Figure 48 shows the experimental arrangement used throughout the investigation. The 
sample aerosol from the LA system was combined with the standard aerosol from a 
PFA-20 ilL Fixed Capillary Nebuliser (Elemental Scientific Inc., Omaha, Nebraska, 
USA) and custom made cyclonic spray chamber, using a custom made aerosol 
combination device. With this arrangement a wet plasma resulted. The two I m, 
TygonTM, sample introduction lines were combined, using the custom made device, 1 m 
before the I CP torch. 
For the pressed powder approach, in order to reduce the detrimental effects of non 
homogenous distribution of sample and spike solution, the laser beam size was 
increased using the beam expansion mode of the UP213 Laser Ablation System. A 
feature of this 'auto-switchable' system is that spot sizes between 4 and 110 Ilm can be 
selected employing a constant energy density via true aperture imaging; when larger 
spot sizes are required, typically for bulk analysis, the beam can be expanded via beam 
expansion mode but with an associated loss in energy density. The presence of the 
vanillic acid, ensured that although the energy density was reduced using the 250 Ilm 
spot size, there was still sufficient energy to perform the ablation process. If no vanillic 
acid were present it is doubtful that the energy required for ablation could be achieved 
at this large spot size. 
A Neptune multi-collector ICP mass spectrometer (ThermoFisher Scientific, Bremen, 
Germany) was used for the isotopic work to determine isotope ratios with superior 
isotope ratio precision. The instrument has a detector array that comprises of nine 
faraday detectors. Standard operating conditions used in this investigation are detailed 
in Table 31. A He gas flow of 0.7 L min-1 was found to give optimum sensitivity and a 
good peak shape upon single shot ablation ofNIST 612 Trace Elements in Glass (NIST, 
Gaithersburg, USA), and importantly had no detrimental effects on the signal intensity 
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obtained upon solution nebulisation when the two sample introduction sources were 
combined. Table 31 lists the experimental parameters employed. The laser conditions 
were chosen to represent those typically used in bulk analysis by LA-ICP-MS. 
Figure 48 A schematic of the system used for LA-ICP-MS analysis. A PFA nebuliser and custom 
made cyclonic spray chamber was employed to introdnce the isotopic spike solutions in the online 
additions approach. 
chamber _~~iiiiiiiooiiiiii, 
Mixing vessel 
-Ar --------.... Laser r- //P ,......----, rcp 
He 
Ar 
. . 
I , 
, , 
I , 
I , 
. , 
, , 
Mixing 
vessel 
Table 31 Experimental parameters used in the investigation. 
Laser Ablation System 
Type 
Wavelength 
Pulse duration 
Fluence 
Repetition rate 
. Sampling strategy 
Spot diameter 
Solid samples 
Binder 
Sample translation rate 
He gas flow 
Solution Nebulisation 
Nebuliser 
Ar carrier gas flow 
Spray chamber 
Solid state Nd:YAG, UP-213 
213nm 
4ns 
13 J cm-2 (onIine additions approach) 
4 J cm-2 (pressed powders) 
20Hz 
Raster 
110 IIm (online additions approach) 
250 IIm (pressed powder approach) 
NIST 612 Trace Elements in Glass (online additions approach) 
GBW 07311 Sediment (pressed powder approach) 
GBW 0740 I Soil (pressed powder approach) 
NrST 1547 Peach Leaves (pressed powder approach) 
Vanillic acid (pressed powder approach) 
10 IIm S-I 
0.7 L min-I 
PFA-20 ilL Fixed Capillary 
0.95 Lmin-I 
Custom cyclonic 
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Type 
Auxiliary gas flow 
Cooling gas flow 
Plasma RF power 
Isotopes monitored 
Sample Preparation 
Solid Samples 
Neptune Multicollector ICP-MS 
1.0 L min" 
13.5 L min" 
1175W 
'
06Cd "'Cd 2·'T1 204Pb 2·'TI 206Pb 2·'Pb 2·'Pb , , , , , , , , 
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For the online additions approach, NIST 612 Trace Elements in Glass (NIST, 
Gaithersburg, USA) was used, since it is known to be homogenous and is well 
characterised for a wide range of analyte elements. No sample preparation was 
performed except the chemical cleaning of the glass surface with dilute nitric acid. 
For the pressed powder approach, discs were prepared using the method described 
previously in chapter four. A blank disc was prepared from vanillic acid only, whilst 
'sample discs' were prepared using 60% sample and 40% vanillic acid as described 
previously for optimum sensitivity. 'Sample and spike blend discs' were prepared using 
60% sample and 40% sample but with the addition of the aqueous isotopic spike. 
A disc was prepared, from vanillic acid only, but spiked with NIST 981 (NIST, 
Gaithersburg, USA) to produce a concentration of 5 mg L·1 within the final disc. NIST 
981 is an isotopically characterised lead solution and this disc was prepared to 
determine the homogeneity achievable using the proposed spiking methodology. 
Spike Incorporation into Absorption Modified Pressed Discs 
One of the major advantages of producing pressed discs is that they allow the 
incorporation of an internal standard element to correct for differences in rates of 
ablation, or of an isotopic spike solution allowing quantitation by isotope dilution (ID). 
One important consideration, which is often a limitation in this type of sample 
preparation, is that the internal standard element or isotopic spike must be 
homogenously distributed throughout the disc surface. 
This isotopic spike was added in aqueous form prior to homogenisation in the ball 
mixer. In this case, 50 ilL of NIST 983 spike solution was added gravimetrically, the 
concentration of which varied depending upon the sample. This concentration varied in 
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order to yield the optimum spiking ratio of I and was therefore dependent upon the 
concentration of analyte within the sample. This is why a regular external calibration is 
often required before ID-MS analysis to help determine the quantity of isotopic spike to 
add. The compositions of all the discs can be viewed in Table 32. 
Table 32 Composition of various discs used in the LA-ICP-ID-MS process. 
Mass of NIST 983 isotopic Mass of sample (g) 
spike (g) 
Mass of GBW· NIST Disc 140 940 1.28 GBW 1547 
description vanillic I'g g.' I'g g-' I'g g-' 07401 soil. 07311 peach 
acid (g) sediment leaves 
Blank 0.40000 
Soil sample 0.16146 0.23883 
Sediment 0.16200 0.23880 
sample 
Peach leaves 0.16258 0.24250 
sample 
Soil sample 0.16157 0.04980 0.24453 blend 
Sediment 0.16173 0.05269 0.24208 
sample blend 
Peach leaves 0.16054 0.05049 0.24000 
sample blend 
A one hour drying period at 60°C was used prior to the homogenisation period in the 
ball mixer before subsequent pressing into discs using the method previously described 
in chapter four. 
Aqueous Standard Preparation 
For both the online additions approach and the pressed powder approach, isotopic spike 
solutions were prepared from NIST 983 (NIST, Gaithersburg, USA). The concentration 
of the spike solution was varied in order to achieve a measured ratio close to l. For the 
online additions approach a Cd spike solution was prepared from a Technolab stock 
solution (Fisher Scientific, Loughborough, UK). 
For the pressed powder approach a solution ofNIST 981 was prepared, and used in the 
homogeneity testing of the spiking method as previously discussed. The certified 
isotopic composition of both reference materials is given in Table 33. 
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Table 33 The certified isotopic composition of NIST 983 and NIST 981. 
Pb Isotopic Composition (%) 
Reference Material "·Pb ···Pb ·"Pb ···Pb 
NIST983 0.0342 ± 0.0020 92.1497 ± 0.0041 6.561 I ± 0.0025 1.2550 ± 0.0022 
NIST981 1.4255 ± 0.0012 24.1442 ± 0.0057 22.0833 ± 0.0027 52.3470 ± 0.0086 
Online Additions Procedure 
Devices to Combine Two Aerosol Streams 
As already discussed isotope dilution is a definitive quantification strategy; however, in 
order to obtain the benefits offered by this quantification strategy it is vital that 
equilibrium exists between the sample and the spike. This is often a limiting step for 
many isotope dilution strategies, and even for strategies based upon regular internal 
standardisation. In the case of the online additions approach attaining this equilibrium 
between sample and spike is difficult since they are present in two different aerosol 
streams; hence efficient mixing of these two aerosol streaks is vital. 
In previous work a simple Y -piece was used to combine the two aerosol streams; 
however in the proposed isotope dilution strategy the degree of mixing offered by this 
Y-piece was thought to be insufficient to produce equilibrium between sample and 
spike. Hence, various devices were tested to determine the most efficient way of 
. combining the two aerosol streams, and compared to the simple Y -piece already used. 
One device was based upon a coaxial combination, whereas two further devices 
employed a cyclonic arrangement incorporating the nebuliser and spray chamber. These 
devices can be seen in Figure 49, Figure 50 and Figure 51. Further details of the most 
successful device can be viewed in the appendices. 
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Figure 49 A photograph of the coaxial device designed to mix two aerosol strea ms. 
Figure SO A pholograph of a cyclonic device designed to mix two ae rosol streams. 
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Figure 5 I photograph of an improved cyclonic device designed to mix two aerosol strea ms. 
Calibration 
Pb (204 , 206, 207 and 208) isotopes were first monitored to detemline the mass now 
rati o, meaning that in thi s case Pb was acting as an interna l standard e lement. The 
multiple cycle capabili ty of the instrument was utilised, enab ling switching to other 
masses, such as lllCdl106Cd, to determine ana lyte concentration. In this scenario, there 
was a minimum 3 second di fference between measuring the mass now ratio and 
measuring the sample ratio as the instrument switches between cycles and the magnet 
fi e ld equi librates. 
These isotopes were first monitored during ab lation of the 1ST 612 Trace Elements in 
Glass . 5% HNO) was nebuli sed throughout this monitoring peri od. The HNO) was then 
rep laced by the spike so lution con ta ining N IST 983 at a concen tra ti on of20.00 1 ng g-l, 
so that simul taneous ab lation of the sample and nebulisation of the sp ike so lution 
occurred. T hi s concentration was required to give optimum spiking leve ls (a 208Pb/ 206 Pb 
ratio close to I) . Finall y, ab lation ceased and the isotopes were monitored whil st 
nebuli sa ti on of the spike so lution occun-ed. Helium was passed through the ab lation ce ll 
throughout the whole measurement process. 
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Since the Pb concentration within the NIST 612 CRM was known prior to analysis, LA-
rCP-ID-MS was performed to yield the mass flow ratio. This mass flow ratio, calculated 
for Pb, was then applied to the quantification of Cd. 
Pressed Powder Approach Procedure 
The strategy was simpler for the pressed powder approach since the mass flow ratio was 
determined gravimetrically via gravimetric addition of the spike solution to the 
powdered mixture prior to pressing. 
The 208PbPo6Pb ratio was measured whilst ablating a line pattern, approximately 5 mm 
long, across the surface of the discs. The process was performed for a disc containing 
only 60% sample and 40% vanillic acid, and for a disc of the same composition except 
with the addition of an isotopic spike solution. This data allowed determination of the 
Pb concentration within the samples, according to equation 21. 
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Online Additions Approach 
Combining Aerosol Stream 
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As discussed previously it is vital that equilibrium occurs between the spike solution 
introduced via solution nebulisation and the sample introduced via LA. For this reason a 
quick test was performed to determine the best method of mixing the two aerosol 
streams. The precision of the measured isotope ratio· 208PbPo6Pb was used as an 
indication as to the effectiveness of the devices. 
Poor measurement precision was obtained for the Y -piece and the coaxial device. 
Interestingly, utilisation of the coaxial device also led to a reduction in sensitivity which 
was attributed to the large dead volume of the outer chamber. It was thought that this 
device would prove more successful if redesigned with a smaller outer chamber. The 
first cyclonic chamber, in which the LA aerosol stream and the nebulised solution 
aerosol stream are introduced perpendicularly led to improved measurement precision in 
comparison to the Y -piece and the coaxial device, but it was observed that the signal 
intensity from the LA component of the total aerosol stream was much reduced. This 
was attributed to a conflict in gas flows within the chamber. 
The benefits of improved measurement precision, and high sensitivity for both 
components of the aerosol, were offered by· the improved design of the cyclonic 
chamber. In this design, the LA aerosol stream and the nebulised solution aerosol 
stream were introduced on the same plane. This device was selected for the remainder 
of the project, and utilised in all calibrations based upon the online additions approach. 
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Calibration 
Table 34 Calculation of mass flow ratio between two 
ablation system and nebuliser arrangement. The mass fl 
sample introduction sources e.g. a laser 
ow ratio was calculated by online isotope 
dilution. 
. 
Isoto e label mt m2 
m/z 206 208 
Sam le % abundance SRM612 24.2637 52.3730 
S ike % abundance SRM983 92.1497 1.2550 
Sam le abundance SRM612 0.242637 0.52373 
S ike abundance SRM983 0.921497 0.01255 
2.00E-08 
3.86E-05 
Measured isoto e ratio 2071206 0.3023 
Measured isoto e ratio 2081206 0.6085 
Calculated elemental mass flow ratio 0.6864 
1320 . 
0, meaning that in this scenario there This determination yields a mass flow ratio of 132 
is 1320 times more mass flux from the nebuliser 
from the laser ablation system introducing the sam 
than that obtained in chapter three (a mass flow ra 
to be expected due to variation in solution neb 
example a 20 /-lL min- l nebuliserwas employed rath 
introducing the spike solution, than 
pIe. Although this value is a lot less 
tio of 14,261 was obtained) this is as 
ulisation and rcp parameters. For 
er than a lOO /-lL min- l nebuliser as 
employed in chapter three. 
can be used in the determination of 
the mass flow ratio calculated from 
As discussed, the mass flow ratio calculated above 
analyte concentration. The results obtained, using 
LA-rCP-IO-MS ofPb, for the determination of Cd can be seen in Table 35. 
- 213-
Chapter Five 
Table 35 Calculation of analyte concentration by online isotope dilution. Utilises the mass flow 
ratio calculated previously from ID-MS of Pb. 
Isotope label . . ml m2 
m/z 106 III 
Sample % abundance SRM612 1.25 12.80 
Spike % abundance Technospike 79.103 .. 2.6 
Sample abundance SRM612 0.01250 0.12800 
Spike abundance Technospike 0.79100 0.02600 
Cd spike concentration (fraction) 5.00E-09 
Measured isotope ratio 111/106 0.6329 
Certified Cd concentration I hlg g.')18 27.63 ± 1.09 
Certified Cd concentration 2 (Ilg g") 18 28.92 ± 1.76 
Calculated Cd concentration (Ilg g") 26.24 ± 1.51 
Recovery certified concentration I (%) 95 
Recovery certified concentration 2 (%) 91 
Using this strategy, recoveries of95 and 91% of the certified va1ues l8 were obtained. As 
per the non ID-MS online additions approach utilised in chapter three, the major 
limitation for quantitative analysis was relative fractionation between Pb and Cd. To 
minimise the effect of fractionation it is vital to select an internal standard that behaves 
in exactly the same manner as the analyte. 
It should be noted that the uncertainty associated with the calculated Cd concentration is 
based upon the expanded uncertainty of the entire measurement process. This was 
calculated using a spreadsheet produced by LOC. A detailed breakdown of this 
expanded uncertainty is beyond the scope of this work, but it is fair to say that 
measurement precision of the isotopic ratios was a major contribution. 
Pressed Powder Approach 
Homogeneity Testing 
It was possible to add 50 ilL of isotopic spike solution, and achieve a homogeneity 
adequate for the ID-MS process, providing homogenisation in a ball mixer was 
employed. This can be seen graphically in Figure 52 and numerically in Table 36. 
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Figure 52 A chart to show the homogenous distribution of Pb, added to pure vanillic acid in the 
form of a 50 J.1L spike solution . Ana lys is is over a 12 mm lin e across th e disc surface. The disc was 
spiked to produce a final Pb concentration of 5 ppm . 
Table 36 A table to show the mea n signal intensity of various Pb isotopes, the associated sta ndard 
deviation and % RSD, shown as 3n indicat ion of the homogeneity of the Pb distribution . The 
ac hievable isotope ratio precision is also li sted. 
Pb 206 Pb 207 Pb 208 207/206 2081206 
Mcan sienal intensity (V) 0.53 0.49 1. 17 0.92 2.20 
Standard deviat ion (V) 0.0 19428 0.0179 15 0.042839 0.002548 0.006521 
RSD% 3.66% 3.66% 3.67% 0.28% 0.30% 
Calibration 
The Pb concentrati ons ca lcul ated using the LA-[CP- ID-MS pressed powder approach, 
and th eir agreement with the certifi ed Pb concentrati ons are shown numerically in Table 
37. 
[t can be seen that the success of the quantifi cati on vari ed according to the C RM used. It 
was th ought that the homogene ity and partic le size di stribution o f the C RMs was a 
maj or facto r. 
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Table 37 A table to show the certified and calculated Pb concentrations for three CRMs, using the 
pressed powder approach. 
Certifed Reference Certified value with Calculated value with 
Material associated uncertainty associated uncertainty (JIg g.t) Recovery (%) (/lg g.t) 
83.39±4.17 85 
GBW 07401 Soil 98.00 ± 16.66 
81.03 ±4.05 83 
GBW07311 605 ±30 95 
Sediment 636.00 ± 69.96 611 ± 31 96 
NIST 1547 Peach 0.892 ± 0.04 102 
Leaves 0.870 ± 0.030 0.875 ±0.04 101 
Analysis of GBW 07401 yielded recoveries of 83 and 85%. However, there is a large 
degree of overlap of the associated uncertainties for the calculated and certified values. 
This indicates that the detennination of Pb has been successful in this case. However, 
the poor "quality" of the CRM, as indicated by the large uncertainty in' the Pb 
concentration, has made the detennination appear more successful than is probably the 
case. 
Analysis of GBW 0731l CRM yielded recoveries of 95 and 96%, which is much 
superior to the recoveries obtained during analysis of GBW 0740 I. In this case the' 
"quality" of the CRM may have been slightly better, as indicated by the smaller 
uncertainty on the certified Pb concentration (± Il% for GBW 0731l, in comparison to 
± 17% for GBW 07401). 
Analysis ofNIST 1547 Peach Leaves proved very successful when using this approach, 
yielding recoveries of 101 and 102%. This analysis demonstrates the capability of the 
~trategy for analyte detenninations at sub ppb levels. The fact that this particular 
analysis was so successful would suggest that the quality of the sample/CRM with 
respect to particle size and homogeneity is exceptionally important. Prior to analysis is 
was observed that the NIST 1547 CRM was of a much finer particle size distribution, 
and visually appeared to be more homogenous. This was reflected in the quality of disc 
produced, which appeared to have a smoother, less granular finish. Ultimately, this is 
reflected in the quality ofthe analytical data obtained upon analysis. 
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The dependency of the quality of analytical data on the particle size and homogeneity of 
the samples would suggest that the sample preparation steps are of major importance. 
For this strategy to be applicable to a wide variety of 'real sample' an improved milling 
process may be necessary. This milling would need to reduce the particle size of the 
sample to an acceptable value, and also facilitate homogenisation of the sample and 
vanillic acid binder. 
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Chapter Conclusion 
Two ICP-ID-MS strategies have been investigated in conjunction with LA sampling. 
The online additions strategy, in which the isotopic spike solution is introduced into the 
ICP via solution nebulisation yielded a Cd concentration in agreement with the certified 
concentration. Recoveries of 91 and 95% of the certified concentrations were obtained. 
These recoveries are an improvement of the Cd recoveries yielded in chapter three of 71 
and 75%. This result has demonstrated the capability of this strategy for trace element 
determination in solid samples. The downside of this strategy is that it is dependent 
upon prior knowledge of the sample. As per the online additions strategy discussed in 
chapter three, an internal standard element of known concentration within the sample, is 
required to determine the relative mass flow rates of the two sample introduction 
sources. The fact that a mass flow ratio is determined from ID-MS of one element, and 
applied to the quantification of another element, removes a fundamental advantage of 
ID-MS methodology, in that the effects of relative fractionation between the internal 
standard element and the analyte are re-introduced. 
The pressed powder approach, in which the isotopic spikes were mixed with the 
powdered samples prior to homogenisation and pressing, showed excellent capabilities. 
For the best quality CRM, NIST 1547, recoveries of 101 and 102% of the certified Pb 
concentration were obtained. The major advantage of this approach is that no prior 
knowledge of the sample is necessary (notwithstanding that an approximation ofanalyte 
concentration will help determine the optimum spike levels) - analysis relies on ID-MS 
performed on only the analyte, and not an internal standard element. This is of major 
relevance when LA is employed as a sample introduction source, since fractionation is 
eliminated by the ratio measurement of the isotope diluted sample. 
One limitation of the pressed powder technique is the degree of homogenisation 
between analyte and isotopic spike that it is possible to achieve, particularly when a 
binder is employed since it is notoriously difficult to mix two powders. The use of a 
mixer mill has been shown to produce discs of adequate homogeneity for the LA-ICP-
ID-MS procedure. To reduce the detrimental effects of heterogeneity between the spike 
and analyte it is vital that as large a sampling area as possible is employed, to average 
out these heterogeneities. This can be achieved using long sampling lines or rasters 
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(which ultimately leads to an increased analysis time)and by selecting the largest laser 
beam spot size. By employing vanillic acid as a binder in this work, a larger spot size 
than would typically be available due to a reduction in energy densities, has been made 
available. This can be attributed to the lower energy densities required for efficient 
ablation of the sample materials, when vanillic acid is employed. 
This work has determined that the addition of an isotopic spike solution to a powdered 
sample pressed with an absorbing chromophore matrix, before subsequent LA-ICP-ID-
MS, is the method of choice for direct determination of trace elements in powdered 
samples. 
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Online Additions 
Chapter three demonstrated the online additions of aqueous standards for the calibration 
of LA-rCP-MS. Although the strategy devised was ultimately to be employed for 
quantification of analyte concentration in the absence of matrix matched calibration 
standards, it was realised early on that the method allowed a detailed investigation of 
fundamental processes occurring within the rcp. Measuring. the relative elemental 
sensitivity allowed investigation of element specific matrix effects caused by mass 
loading effects upon introduction of the LA aerosol. It was demonstrated that these 
matrix effects, linked to sample loading, plasma robustness and particle size 
distribution, were more severe when utilising a dry aerosol rather than a wet aerosol. 
Hence, the major outcome of the chapter was the recommendation that desolvation of 
the aqueous aerosol was not performed for bulk analysis applications i.e. a wet plasma 
is preferred over a dry plasma. 
Ideally, in order to validate the relationship between plasma based matrix effects and the 
particle size distribution of the LA aerosol, an online measurement of the particle size 
distribution post particle separator should be performed. This was not performed since 
the instrumentation required was simply not available. Such a measurement would 
ensure that the particle separator was removing material from the LA aerosol stream in a 
particle size discriminate manner, and that changes in particle size distribution were 
indeed responsible for the observed variation in plasma based matrix effects. 
As a calibration strategy, online addition of aqueous standards allows 'fit for purpose' 
analytical data to be obtained for many applications. For instance, the method was 
validated by bulk analysis of glass, polyethylene and metal alloy CRMs. The downside 
of the online additions approach is the lengthy analysis time per sample (although for 
some applications a single point calibration may suffice, after performing the complete 
method to determine the mass flow ratio), and the fact that prior knowledge of the 
sample is required to determine the relative mass flow rates of the two sample 
introduction sources, and to select an appropriate internal standard element. The 
feasibility of a single point calibration, following determination of the mass flow ratio, 
requires further investigation. This single point calibration may then enable the online 
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additions technique to be applied to spatial detenninations, and not be restricted to bulk 
analysis as is currently the case. 
The online additions strategy was modified to allow the powerful quantification 
technique of isotope dilution to be utilised. The isotopic spike solution was introduced 
to the plasma online via solution nebulisation. Although, this method yielded a recovery 
of over 90% for Cd in NrST 612, when the mass flow ratio was calculated from LA-
rCP-ID-MS of Pb, it was felt that ultimately, the major benefits of utilising an ID 
strategy were removed. Namely, the detrimental effects of elemental fractionation were 
present, and the fact that prior knowledge of the sample was required. 
Absorption Coefficient Modified Pressed Powders 
The analysis of absorption coefficient pressed powders in chapter four enabled a 
fundamental insight into absorption related ablation processes. This work has 
demonstrated the benefits of utilising an active, vanillic acid binder, which was shown 
to offer increased sensitivity and a less sample matrix dependent ablation process. The 
benefits offered by vanillic acid have great implications for quantification. An 
improvement in the analytical data obtained by external calibration has been 
demonstrated for sample matrices that do not exactly match in tenns of physicochemical 
properties or composition. This improvement was attributed to the vanillic acid binder 
standardising the ablation process and therefore stabilising the mass flux to the ICP. 
Throughout chapter four, the increase in observed sensitivity upon employing an 
absorbing binder was attributed to the generation of smaller particles at the ablation site. 
Such particles are transported to, and processed by the rcp, resulting in enhanced 
sensitivity, improved precision and a reduction in plasma based fractionation. Again, 
the generation of smaller particles at the ablation site, requires validation via an online 
measurement of particle size distribution. 
In the pressed powder approach no benefit was observed upon simultaneous 
nebulisation of water to yield a wet plasma. This was expected, since the limiting step in 
this approach was the difference in sample and standard matrix, resulting in variations 
in ablation yields during the ablation process, and not the vaporisation and ionisation 
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processes occurring within the plasma. That is to say that plasma processes were 
secondary to the primary ablation processes in this technique. 
As a calibration strategy, analytical data was obtained that would be 'fit for purpose' for 
many applications, even when internal standardisation was not utilised. However, a 
recommendation from this work is that if an internal standard element is available then 
it should be used, since ultimately this will offer the best accuracies and precisions. 
Although the addition of isotopic spike solutions has been investigated in chapter five, 
an investigation into the obtainable data quality upon introduction of elemental spike 
solutions to pressed powders is recommended. 
Again, the strategy was modified to allow the quantification tool of ID-MS to be 
utilised. However, in this case the true benefits ofID-MS were maintained since no real 
prior knowledge of the sample is required, and importantly the detrimental effects of 
elemental fractionation are eliminated during the isotope ratio measurement of the 
isotopically diluted sample. 
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Device for Mixing Two Sample Introduction Sources 
ToICP 
z Solution nebulisation 
Drain 
Figure 53 A schematic of the improved cyclonic design to mix the aerosol generated by LA, with the 
aerosol generated by solution nebuIisation. The direction, and plane, of introduction and exit, of the 
aerosols and waste solution are shown. Not to scale. 
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Figure 54 A schematic ofthe improved cyclonic design to mix the aerosol generated by LA, with the aerosol generated by solution nebulisation. Tbe direction, and plane, 
of introduction and exit, of the aerosols and waste solution are shown. Not to scale. Dimensions in mm. 
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Figure 55 A schematic of the improved cycl~nic design to mix the aerosol generated by LA, with the aerosol generated by solution nebulisation. The direction, and plane, 
of introduction and exit, of the aerosols and waste solution are shown. Not to scale. Dimensions in mm. 
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This paper describes the theory of on-line additions of aqueous standards for calibration of laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). Establishment of a 
calibration' curve enabled investigation of: fractionation, matrix effects, mass flow ratios, and the 
relative merits of wet and dry plasma conditions for laser ablation sampling. It was found that a 
wet plasma was much mo~ tolerant of increased sample loading without reducing plasma 
robustness, leading to less severe and more constant mutual matrix effects. These findings indicate 
that the on-line addition of water is the preferred mode of operation for quantification by LA-
ICP-MS. The analytical performance of the method was validated by the analysis of three 
certified reference materials: National Institute of Standards and Technology (NIST) 612 Trace 
Elements in Glass, European Reference Material (ERM) 681 Trace Elements in Polyethylene and 
British Chemical Standards (BCS) No. 387 Nimonic 901 Alloy. Analysis of NIST 612 was 
performed under both wet and dry plasma conditions, and the correlation with certified elemental 
concentrations was much better when a wet plasma was employed. Analyses of ERM 681 and 
BCS No. 387 were performed under wet plasma conditions, due to that method's proven 
advantages. The differences between the found and certified elemental concentrations varied 
between 1-10% for the majority of elements, for all three certified reference materials. 
Introduction 
Laser ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS) has become the most versatile technique for the 
direct determination of trace elements in a wide variety of solid 
sample types. It has particular application for the determina-
tion of trace elements in sample types such as metals, rocks, 
polymers and ceramics, and avoids the risk of contamination 
associated with complex digestion procedures. 
The limitations of LA-ICP-MS are well known: namely, 
elemental fractionation and a lack of certified reference mate-
rials (CRM's) for the majority of sample types. 'In house' 
synthetic standards can be prepared for this purpose, although 
their preparation is often time consuming and expensive, and 
they are frequently compromised by inhomogenous distribu-
tion of elemental composition. In the absence of solid calibra-
tion standards, aqueous calibration standards have been 
employed for quantification. Such aqueous standards can be 
ablated directly, withl or without2 the presence of an organic 
chromophore to improve coupling between the laser and 
solution, or more commonly they are introduced on-line via 
a nebulizer and spray chamber in what is referred to as the 
"dual sample/standard approach". 
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Dual sample/standard calibration 
The dual sample/standard approach, first proposed by 
Thompson et al.,3 can provide quantitative data in the absence 
of solid calibration standards. In this calibration approach, the 
aerosol generated by laser ablation of the target is combined 
with the aerosol generated by solution nebulization of an 
aqueous calibration standard. 
The limitation of this approach is the different sample and 
standard matrices that result in differing atomisation and 
ionisation characteristics within the ICP. Namely, ablated 
particles have larger mean diameters and size distributions 
than those particles produced by solvent evaporation from a 
wet aerosol.4-6 Consequently, these particles are vaporised 
along an extended region of the ICP, leading to wider ion 
density distributions along the central channel for LA in 
comparison with solution nebulisation.7•8 
The dual sample/standard approach, using a wet or a dry 
plasma, requires internal standardisation to compensate for 
the different mass transport rates of the two sample introduc-
tion sources. Consequently, an element of known concentra-
tion and homogenous distribution must be present in the 
sample. However, this may not be as restrictive as at first 
may seem, since a matrix element of known concentration 
(from stoichiometry, or previous analysis) is often available. 
In its simplest form, dual sample/standard introduction 
produces a wet plasma, leading to the possibility of spectral 
interferences such as oxides and hydroxides derived from the 
use of water as a solvent. In this paper the term "wet" refers to 
This journal is @The Royal Society of Chemistry 2006 
a plasma in which the liquid phase aerosol and vapour phase 
water are present, i.e., the classical wet plasma produced in 
solution analysis. Normally, desolvation of the standard aero-
sol is employed so that it more closely matches the sample 
aerosol.9- IS However, the plasma formed in this case is 
referred to as being "dry", and has a variable composition 
depending upon the matrix of the ablation target; hence, a 
variable sample matrix will produce varied sample loading. In 
contrast, a wet plasma produces more standardised conditions 
with a single dominant plasma species, i.e., water; thus, water 
dominates the plasma loading and only small perturbations 
are caused by the sample matrix leading to reduced matrix 
effects. 
Whereas the absence of oxides and hydroxides may be 
necessary for the accurate determination of isotopic ratios, 
the standardised plasma conditions offered by employing a wet 
plasma may be of greater benefit for routine analysis by LA-
ICP-MS. Koch et al. 16 observed that the 6'Cu/66Zn ratio from 
brass using LA-ICP-MS with dry plasma conditions differed 
from the ratios obtained using wet plasma conditions. This 
was also confirmed by Boulyga et al.,17 who reported that the 
6'CurZn ratio obtained by LA-ICP-MS using wet plasma 
conditions was closer to the ratio obtained with a traditional 
digest and solution based nebulization than when using dry 
plasma conditions. These differences can probably be attrib-
uted to differential fractionation within the ICP, between dry 
and wet plasma conditions, due to different atomisation and 
ionisation conditions. 
This work develops the theory of the on-line dual sample/ 
standards technique and provides a comparison between the 
use of wet or dry plasma conditions. A strategy was devised 
using on-line, multi-point aqueous calibration, allowing the 
investigation of fractionation, matrix effects and characterisa-
tion of a mass flow ratio representing the ratio of mass 
transport between the two sources. 
Theory of on-line additions. In this paper the terms used are 
as follows. 
Nomenclature 
I = Intensity or ion count rate 
C = Concentration 
e~lo = X-axis intercept at I = 0 
S = Sensitivity 
m = Mass flow rate 
Superscript 
S = Solid or sample 
L = Liquid standard 
S+L = Solid in the presence of the aqueous standard aerosol 
Subscript 
J = Internal standard 
A = Analyte 
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Generally the calibration function for an ICP-MS instru-
ment is written as: 
I = CS (1) 
The sensitivity (S) factor can be split into two terms: a true 
instrumental sensitivity term, Le., the response of the ICP-MS 
instrument per unit mass (strictly speaking molar quantities 
should be used since these directly represent the number of 
atoms sampled) of a specified element, and a mass flow rate 
term representing the flux of sample or standard. Thus, for an 
analyte in the sample substrate, eqn. (I) becomes: 
(2) 
Dimensional analysis of eqn. (2) is instructive in understand-
ing the meanings of the individual terms, thus: 
counts gS gA counts 
---=-x-x---
s s gS gA (2b) 
Note how the cancellation of dimensions is between, rather 
than within, terms, indicating the inherent separation of 
sample and analyte quantities. 
For on-line additions the overall intensity is the sum of the 
intensity contributions from the sample and from the stan-
dard, in accordance with a standard additions type calibra-
tion. Hence: 
(3) 
Note that two sensitivity terms are present, one, S~, represent-
ing the sensitivity of the aqueous calibration curve, and the 
other, ~+L, representing the sensitivity of the on-line addi-
tions calibration curve, i.e., the sensitivity of the combined 
solid sample and aqueous standard. Plotting lA against C~ 
yields a graph as shown in Fig. \, with slope of m~S~ and 
intercept of m~~+L~. 
Extrapolation of the on-line addition curve to lA = 0, and 
rearrangement of eqn. (3), yields the concentration of the 
analyte in the sample as: 
Eltrapulated nglOIl 
s _ m~ S~ L 
CA - --:s x SS+L X eAI. m. A 
On-line addUlolI1 
calibration curve. 
Slope- SS.L 
Standard Conct'ntratlon (pg L") 
(4) 
Fig. 1 A representation of the curves obtained by aqueous calibra-
tion and on-line additions calibration. In this simple scenario there are 
no mutual matrix effects, as indicated by the parallel curves, hence 
SL = SS+L. 
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C~lo, which is negative, is taken directly from the graph, and it 
·L 
remains to determine the mass flow ratio, ~. since the sensi-
L m, 
livity ratio, -!ste, can be calculated from the slopes of the two 
, 
curves. It is this sensitivity ratio that can be used as a direct 
indicator of mutual matrix effects, i.e. two parallel curves 
indicate no mutual matrix effects, whereas any divergence or 
- convergence indicates that mutual matrix effects are occurring. 
The mass flow ratio can be determined by performing on-line 
additions for an internal standard element; hence, eqn. (4) can 
be written as: 
(5) 
Knowing G, the mass flow ratio can be determined. For this 
to be useful in solving eqn. (4), it is necessary to assume that: 
mf m~ 
-:s=~ 
m[ mA. (6) 
That is, there is no elemental fractionation between the inter-
nal standard element and the analyte, since differing mass flow 
ratios are a direct measure of elemental fractionation. 
Experimental 
Instrumentation 
A commercially available UP-213 Laser Ablation System 
(New Wave Research Inc_, Huntingdon, Cambridgeshire, 
UK) operating in the deep UV (213 nm) was employed using 
He as a carrier gas due to its improved ablation and transport 
characteristics. 18- 2o Fig. 2 shows the experimental arrange-
ment used throughout the investigation. The sample aerosol 
110--+ 
Ablation eell CQnlaining 
solid sample 
(A) ,..-------f+l ..... (") 
"CC 
!:l •• 
Fig. 2 The two different experimental setups employed: (A) aqueous 
standards introduced by standard solution nebulization to produce a 
wet standard aerosol; and (B) introducing the standard aerosol by 
solution nebulization with desolvation to produce a dry standard 
aerosol. 
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from the LA system was combined with the standard aerosol 
from a PFA-IOO ~L Fixed Capillary Nebulizer (Elemental 
Scientific Inc., Omaha, Nebraska, USA) and custom made 
cyclonic spray chamber, using a polypropylene 'Y'-piece (Fish-
er Scientific, Loughborough, Leicestershire, UK). With this 
arrangement a wet plasma resulted. When a dry plasma was 
required, the nebulizer and spray chamber were replaced with 
a MCN-6000 sample introduction system (CETAC Techno-
logies, Omaha, Nebraska, USA) for desolvation of the stan-
dard aerosol. The two 1 m, Tygon'"", sample introduction lines 
were combined, using a polypropylene 'Y' -piece, 1 m before 
the ICP torch. A further cyclonic mixing vessel was placed 
immediately before the ICP torch. This was placed in the 
Peltier chamber of the PQ ExCell and was cooled to 5 °C as in 
the standard operating mode. The gas flow, carrying the 
combined sample and standard aerosol, was introduced tan-
gentially into this vessel to facilitate further mixing. 
A VG PQ ExCell ICP-MS instrument (Thenno Electron 
Corporation, Winsford, Cheshire, UK) was used throughout 
the investigation. Optimisation of the torch-box position, lens 
voltages, and nebulizer gas flow was performed before analy-
sis, with respect to the JlsIn signal intensity obtained upon 
nebulization of a I ~g L -I solution. A He gas flow of 0.5 L 
min- I was found to give optimum sensitivity and a good peak 
shape upon single shot ablation ofNIST 612, and importantly 
had no detrimental effect on the signal intensity obtained upon· 
solution nebulization when the two sample introduction 
sources were combined. All optimisation was performed at 
1350 W_ Table I lists the experimental parameters employed. 
The laser conditions were chosen to represent those typically 
used in bulk analysis by LA-ICP-MS. 
Sample preparation 
Solid samples. NIST 612 (National Institute of Standards 
and Technology, Gaithersburg, Maryland, USA) Trace Ele-
ments in Glass was used when performing investigations into 
laser and plasma variables, due to its certification for a wide 
variety of trace elements_ For method validation, NIST 612 
Trace Elements in Glass, European Reference Material 
(ERM) 681 Trace Elements in Polyethylene and British Che-
mical Standards (BCS) No_ 387 Nimonic 901 Alloy (42% 
nickel, 36% iron, 12% chromium, 6% molybdenum and 3% 
titanium) were analysed. No sample preparation was per· 
formed on these materials, excepting the chemical cleaning 
of the sample surface with 1% HNO, (Romil Pure Chemistry, 
Cambridge, Cambridgeshire, UK). 
Aqueous standard preparation. Aqueous calibration stan-
dards, in a 1% HN03 matrix, were prepared by serial dilution 
of elemental stock solutions (Fisher Scientific, Loughborough, 
Leicestershire, UK) using 18.2 MQ cm-I purity water (Elga 
Lab Water, High Wycombe, Buckinghamshire, UK). These 
standards contained the following elements: Ti, Cr, Mn, Co, 
Cu, Sr, Ag, Cd, Ba, Ce, TI, Pb and U at concentrations 0, I, 2, 
5 and lO ~g L-1• 
On-Une additions 
The on-line additions involved simultaneous introduction of 
aqueous calibration standard aerosols by solution 
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Table 1 Experimental parameters used in the investigation 
Laser ablation system 
Type Solid stale Nd:YAG. UP·213 
Wavelength 213 nm 
Pulse duration 4 os 
Fluence I3 mJ cm-2 
Repetition rate 20 Hz 
Sampling strategy Raster 
Spot diameter 15-110 jlm 
Solid samples NIST 612 Trace Elements in Glass 
Sample translation 
rate 
He gas flow 
Solution nebulization 
ERM Trace Elements in Polyethylene 681 
BCS No. 387 Nimonic 901 Alloy 
10 !lID 5- 1 
0.5 L min- I 
Nebulizer PF A- t 00 ilL fixed capillary 
AT carrier gas flow 0.95 L min- I 
Spray chamber Custom cyclonic 
DesolvatioD system 
Type 
Ar carrier gas flow 
Sweep gas flow 
Spray chamber 
temperature 
Desolvator 
temperature 
ICP-MS 
Type 
Auxiliary gas flow 
Cooling gas flow 
Peltier chamber 
temperature 
Plasma RF power 
Isotopes monitored 
Acquisition mode 
Detector mode 
Channels per peak 
Dwell time 
No. of sweeps 
No. of replicates 
MCN-6oo0 
0.95 L min- I 
3.80 L min- I 
7S 'C 
160'C 
VG PQ ExCeIl 
0.80 L min- I 
12.00 L min-I 
S 'C 
1I0~I600W 
41Ti, S2Cr, sSMn, S9CO, 6SCu, 88Sr, I07Ag, IIICd, 
137Ba, I40Ce, J40Ce160, 20S'n, 206Pb, 208Pb, 238U, 
238UL60 
Peak hopping 
Dual range 
I 
100 ms 
100 
3 
nebulization, with or without desolvation, and a laser ablated 
sample aerosol. In order to allow the investigation of matrix 
effects and calculation of the mass flow ratio, multiple calibra· 
tion standards were used. The whole calibration series was 
nebulized (with He passing through the ablation cell) to yield a 
standard calibration curve. Then, ablation of the sample 
commenced and the aqueous calibration series was repeated, 
so that simultaneous introduction of sample and standard 
occurred. This procedure yielded two curves, as shown in Fig. 
I: one curve representing the contribution from the aqueous 
calibration standards only; and the other representing the 
contribution from the aqueous calibration standards in addi· 
tion to the laser ablated sample aerosol. Comparison of the 
slope of the two curves enabled investigation of the occurrence 
of mutual matrix effects, as explained above. The mean and 
standard deviation of the sensitivity ratios obtained from 
various isotopes (n = 14) were used as an indication of the 
extent and consistency of matrix effects. 
Data were acquired under different ablation and plasma 
conditions, including ablation crater diameter and plasma 
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forward power. By increasing crater diameter and keeping 
the fluence constant, the_ ablated mass and consequently the 
sample loading of the plasma was increased. Further, since the 
fluence remained constant throughout the investigation, the 
ablation products should remain similar (particle size distribu· 
tion elc.), leaving sample yield as the sole variable. Crater 
diameters of 15-110 llm were investigated. The effect of 
plasma robustness on matrix effects was investigated by 
performing on-line additions under varying ICP forward 
powers, within the range of 1100-1600 W. This investigation 
was performed using fixed carrier gas flows. Although forward 
power and injector flow are recognised as being interdepen· 
dent variables, it was felt that in these experiments changing 
the Ar/He ratio and hence the transport properties of the 
delivery systems might introduce too many additional vari· 
abies. All experiments were performed using both standard 
solution nebulization, and solution nebulization with desolva· 
tion to allow a comparison between wet and dry plasma 
conditions. 
Calibration procedure. Once the optimum ablation and 
plasma conditions had been found, with respect to minimising 
matrix effects, the reference materials were analysed. First, 
using on· line simultaneous sample/standard introduction for 
an internal standard element, a mass flow ratio was calculated. 
Then, by performing on-line simultaneous sample/standard 
introduction for the analyte element and applying the mass 
flow ratio obtained from the internal standard element, ~~ 
was calculated from eqn. (4). 
For NIST 612 Trace Elements in Glass the analysis was 
performed under wet and dry plasma conditions and the 
quality of the data compared with the certified elemental 
concentrations. Analyses of ERM 681 Polyethylene and BCS 
No. 387 Nimonic 901 Alloy were perfonned using wet plasma 
condi tions only. 
For analysis using a dry plasma. an ICP forward power of 
1500 W was used; whereas for a wet plasma 1300 W was 
applied. LA parameters were kept constant throughout the 
analysis: a fluence of 13 mJ cm~2, a frequency of 20 Hz, an 
ablation crater diameter of 80 Ilm and a sample translation 
rate of 10 llm S-I were employed. 
Results and discussion 
Variation in ablation crater diameter 
The on·1ine additions strategy was performed at differing 
ablated crater diameters, i.e., successively introducing more 
ablated mass into the ICP to increase the sample loading of the 
plasma. The data obtained are presented in Tables 2 and 3. 
Increasing the ablated crater diameter had the effect of 
increasing the relative sensitivity above unity and, impor· 
tantly. the standard deviation in the sensitivity ratios obtained. 
This effect was much more pronounced under dry plasma 
conditions than under wet plasma conditions, as can be seen 
in Fig. 3. 
The laser was run at constant fluence, leading to increased 
mass transport to the Iep with increasing ablated crater 
diameter; consequently, the sample loading of the plasma 
was increased. Under dry plasma conditions, with higher 
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Table:2 Standard deviation and mean of sensitivity ratios obtained 
under varying ablated crater diameters. during the analysis of NIST 
612 
Standard deviation of Mean of 
sensitivity ratios sensitivity ratios 
(n - 14) (n - 14) 
Ablated crater 
diameter/pm Wet Dry Wet Dry 
15 0.005 0.012 1.030 1.041 
30 0.009 0.024 1.038 1.023 
55 0.022 0.036 1.065 1.119 
80 0.029 0.072 1.144 1.139 
110 0.040 0.106 1.008 1.286 
sample loading, it appears that the plasma became less robust. 
leading to more severe matrix effects. The elements were 
affected by a less robust ionisation source to different extents 
(due to properties such as first and second ionisation enthalpy, 
oxide bond strength, etc.). The increased plasma loading 
manifested itself as an increase in sensitivity ratios, and 
the standard deviation thereof, across the suite of elements 
studied. 
The degree of variation in the sensitivity ratios with in-
creased sample loading was much more constant under wet 
plasma conditions. It appears that the presence of water 
buffered the plasma against the detrimental effects of sample 
loading on plasma robustness. Importantly, the data indicates 
that there was no significant change in the extent of oxide 
formation upon the introduction of the laser ablated aerosol. 
This is shown by the absence of any significant change in 
sensitivity upon introduction of the sample aerosol. especially 
for the oxide forming elements Ce and V. Oxide and hydro-
xide formation would be expected if less robust plasma con-
ditions existed. The fact that the level of oxides remained 
constant upon introduction of the sample aerosol again in-
dicates that the presence of water was beneficial in maintaining 
robust plasma conditions. The best way to detect changes in 
oxide formation is to monitor the I40Ce I60jl40Ce ratio; how-
ever, this was not possible in this case as the ablation of the 
NIST glass produces several interfering species at mjz 156. For 
this reason, the molecular ion ' 38UI·O+ (mjz 254) was mon-
itored as an indicator as to the extent of oxide formation. 
Under wet plasma conditions there was no increase in the 
degree of oxide formation for U upon introduction of the 
ablated aerosol. indicating there was no significant change in 
plasma robustness. This can be seen in Table 3, wherein the 
ratio %UOLj%UOS+L (representing the degree of UO for-
mation for standard introduction only, divided by the degree 
of VO formation for simultaneous sample and standard 
introduction) does not deviate from unity under wet plasma 
conditions. Under dry plasma conditions this ratio is more 
erratic and deviations from unity were obtained, indicating 
that the dry plasma was more susceptible to changes in sample 
loading. 
The more constant sensitivity ratios obtained under wet 
plasma conditions have implications when applying an inter-
nal standard element in a calibration by LA-rCP-MS. When 
using wet plasma conditions, it is more likely that data 
obtained from an internal standard element will be represen-
tative of a larger suite of elements. The mean sensitivity ratio 
at an ablation crater diameter of 110 I'm did not quite follow 
the trend, but the change was small and is not likely to indicate 
a true reversal of slope. 
Variation in plasma forward power 
The on-line additions strategy was performed for varying rcp 
forward powers, with fixed LA parameters, to determine the 
effect of forward power on the severity of matrix effects for 
both wet and dry plasma condi tions. The results can be seen in 
Tables 4 and 5. 
As is shown in Fig. 4, under wet plasma conditions the 
standard deviation of the sensitivity ratios was almost con-
stant with respect to changes in rcp forward power. For dry 
plasma conditions. the variation in sensitivity ratios was 
strongly related to the rep forward power. This can be 
explained by differences in plasma robustness, i.e., a low ICP 
forward power and high sample load yielded a less robust 
plasma, leading to severe matrix effects. As stated above, 
under wet plasma conditions this effect was much less pro-
nounced, confirming that the presence of water buffered 
against the detrimental effects of low plasma robustness. 
Again, the data indicated that the degree of oxide formation 
remained constant with varying ICP forward power, upon 
introduction of the laser ablated aerosol, when wet plasma 
conditions were employed. This is shown in Table 5, wherein 
the %UOLj%UOS +L is more constantly close to unity than 
under dry plasma conditions (notwithstanding that the smaller 
ratios obtained for the dry plasma will lead to greater statis-
tical variation). 
The fact that the presence of water alters the fundamental 
properties of the plasma, such as temperature and electron 
density, is well documented.21 - 30 However, the effects of water 
remain poorly understood, with experimental outcomes often 
depending upon the exact details of the sample introduction 
Table 3 Degrees of UO+ formation using a wet and dry plasma, with and without the presence of a laser ablated aerosol for varying ablated 
crater diameters. The ratio %UOL/%UOHL thus represents any changes in the degree of oxide formation upon introduction of the ablated 
aerosol 
Wet plasma oxide analysis Dry plasma oxide analysis 
Ablated crater diameter!J,lm %UOL %UOS+L %UOL!%UOS+L %UcY- %UOS+ L %UOL/%UOS+ L 
15 1.40 1.37 1.02 0.08 0.08 1.00 
30 1.41 1.50 0.94 0.09 0.07 1.29 
55 1.39 1.39 1.00 0.1 0.08 1.25 
80 1.43 1.36 1.05 0.08 0.08 1.00 
lto 1.41 1.40 1.01 0.09 0.08 1.13 
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Fig.3 Standard deviation (n = 14) of sensitivity ratios obtained with differing ablated crater diameter, during the analysis ofNIST 612, under (a) 
dry and (b) wet. plasma conditions. 
system and the total water flux and vapour:1iquid ratio. It was 
beyond the scope of this investigation to quantify all of these 
parameters. Generally, plasma energy is consumed in the 
vaporisation and dissociation processes; however, this energy 
can be replaced by energy transfer from the outer regions of 
the plasma into the central channel, and the dissociation 
products (molecular hydrogen and oxygen) contribute to a 
local increase in thennal conductivity and heat transfer. The 
more robust conditions offered by employing a wet plasma 
have been observed in the present work. The wet plasma was 
more tolerant of variable sample loading and variable ICP 
forward powers, evidenced by more constant sensitivity ratios. 
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Calibration 
Method validation was performed on NIST 612 Trace Ele-
ments in Glass, ERM 681 Trace Elements in Polyethylene and 
BCS No. 387 Nimonic 901 Alloy. The uncertainty quoted on 
all calculated concentrations is based upon the standard error 
(Sy/x) associated with the whole calibration curve and is a very 
robust estimate of the uncertainty associated with each result. 
Thus, the concentration uncertainties were calculated from the 
regression line for a signal intensity of ±Sy/.~.31 This method 
ignores the uncertainties in the concentration values, which is 
justified in the case of the NIST 612 glass, since the relative 
• (a) Dry Plasma 
• (b) Wel Plasma 
• 
• • 
. .~ 
----=-----0.02<) 
• 
0.000 
1100 
"'" 
12"" 1250 1300 1350 1400 14SO 1500 
"'" 
1600 
Fig.4 Standard deviation (n = 14) of sensitivity ratios obtained with differing ICP forward power, during the analysis ofNIST 612, under both 
(a) dry and (b) wet plasma conditions. 
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Table 4 Standard deviation and mean of sensitivity ratios obtained under varying Iep forward power. during the analysis of NIST 612 
Standard deviation of sensitivity ratios (n = 14) Mean of sensitivity ratios (n = 14) 
Iep forward powerfW Wet Dry Wet Dry 
1100 0.050 0.159 0.990 1.152 
1200 0.038 0.080 1.124 1.073 
1300 0.011 0.064 1.27 1.214 
1400 0.030 0.053 1.109 1.408 
1500 0.035 0.052 0.962 1.274 
1600 0.031 0.066 1.002 0.935 
Table 5 Degrees of UO+ formation using a wet and dry plasma of varying forward power, with and without the presence of a laser ablated 
aerosol. The ratio % UOLj% UOS+ L thus represents any changes in the degree of oxide formation upon introduction of the ablated aerosol 
Wet plasma oxide analysis Dry plasma oxide analysis 
Iep forward powerfW 
%VOL %UOS+L %UOLj%UOS+ L %UOL %UOS+ L %UOL/%UOS+L 
1100 7.21 7.92 0.91 
1200 1.95 1.71 1.14 
1300 1.52 1.52 1.00 
1400 1.41 1.53 0.92 
1500 1.30 1.18 1.10 
1600 1.42 1.30 1.09 
uncertainties are only 10% of the LA uncertainty values. It is 
less so in the case of ERM 681 Polyethylene. 
Analysis of NIST 612 Trace Elements in Glass. Co was 
chosen as an internal standard element for the analysis of 
NIST 612 Trace Elements in Glass, since it provided a mass 
flow ratio that was most representative of the other elements 
under both wet and dry plasma conditions, i.e., its mass flow 
ratio was close to the mean. This indicates that there was little 
fractionation between Co and the other 'elements, with the 
possible exception of Ti (as indicated by differing mass flow 
ratios). It should be noted that for the analysis of a 'real' 
sample this data would not be available and it is unlikely that 
there would be such a choice of internal standard element. 
However, here, since this data was available, a selection of the 
best internal standard was made. LA is no different to any 
other analytical technique in that prior knowledge of the 
sample will improve data quality. The optimum rcp forward 
powers obtained from the previous investigation were em-
ployed for the analysis, i.e., 1300 W for the wet plasma 
analysis. although from previous investigation this did not 
appear to be too critical, and 1500 W for the dry plasma 
analysis. The data obtained can be seen in Tables 6 and 7. 
The results for the mass flow ratios indicate that there was a 
much greater signal contribution from the aqueous calibration 
standards than from the laser ablated aerosol. This is high. 
lighted by the large values calculated for the mass flow ratio, 
i.e., the ratio of flux between sample and standard. Values this 
large are indicative of the small amounts of ablated material 
transported to the rcp when employing such an LA system. 
This value means that an analyte concentration of tens of mg 
kg- t in the solid sample will correspond to a signal intensity 
equivalent to one ~g L -I of analyte in the aqueous calibration 
standards. This may be disadvantageous in terms of absolute 
detection limit, but as shown here, limiting the plasma loading 
is beneficial for obtaining good quantitative data. 
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1.47 1.25 1.18 
0.49 0.45 1.09 
0.15 0.22 0.67 
0.08 0.07 1.09 
0.05 0.05 1.05 
0.05 0.08 0.66 
The analysis proved a lot more successful when wet plasma 
conditions were used. Generally, the agreement between the 
calculated and certified concentrations was much closer under 
wet plasma conditions. Under wet plasma conditions, the 
majority of elements quantified were within 1-10% of the 
certified values. One exception was Ti, for which poorer data 
was obtained, but no explanation for this is available. 
The matrix effects were less severe and less variable between 
elements when using a wet rather than a dry plasma: as a direct 
result, the mass flow ratios calculated were less elementally 
variable, indicating that they were subject to less plasma 
related fractionation. This simplifies the choice of an internal 
standard, since it is more likely that the chosen element will be 
representative of the set. For this reason, more accurate data 
can be obtained from the on-Hne additions approach when wet 
plasma conditions are employed. This is shown in Figs. 5 and 
6, wherein a better correlation between the calculated elemen-
tal concentrations and certified elemental concentrations was 
obtained under wet plasma conditions, shown by a slope close 
to I obtained when using a wet plasma and a slope well below 
I when using a dry plasma (R;"'" = 0.89 versus Rb'Y = 0.60). 
However, the R~et value was distorted by the Ti outlier and 
would be closer to unity if this point was omitted. 
Analysis of ERM No. 681 Trace Elements in Polyethylene. 
Analysis of ER M No. 681 Polyethylene was undertaken as an 
example ofa typical polymer sample. For this analysis Cd was 
chosen as an internal standard element, due to it being in the 
middle of the mass range investigated. The data obtained are 
shown in Table 8. 
The analysis proved successful in that excellent agreement 
with the certified concentrations was obtained. When using Cd 
as an internal standard element, agreement within 2% of the 
certified concentrations was obtained for the quantification of 
Cr and Pb. Mass flow ratios were much smaller for the 
polyethylene than those obtained for the NrST glass. Since 
the output from the nebulizer generally remained constant for 
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Table 6 Data for NIST 612 showing the certified elemental concentration, calculated mass flow ratio and calculated elemental concentration 
using Co as an internal standard. performed under wet plasma conditions with constant LA parameters 
Certified concentration with Calculated concentration with 
Isotope associated uncertainty/mg kg-I Mass flow ratio associated uncertainty/mg kg- 1 Recovery (%) 
47Ti 50.1 ± 0.8 10982 63.3 ± 4.8 126 
"er Not certified 36.4 ± 2.5 
,sMn 39.6 ± 0.8 . 14697 37.4 ± 1.9 94 
S9CO 35.5 ± 1.2 13888 Internal standard 
6SCu 37.7 ± 0.9 16170 32.4 ± 2.6 86 
88Sr 78.4 ± 0.2 14896 73.1 ±4.7 93 
I07Ag 22 ± 0.3 13092 23.3 ± 3.5 106 
"'Cd Not certified 20.6 ± 0.9 
137Ba 41 ± not quoted 17044 33.4 ± 1.2 81 
t40Ce 39 ± not quoted 13 731 39.4 ± 2.6 101 
2"11 15.7 ± 0.3 14386 15.2 ± 1.4 97 
206Pb 38.57 ± 0.2 14338 37.4 ± 1.6 97 
208Pb 38.57 ± 0.2 13863 38.6 ± 1.5 100 2J8U 37.38 ± 0.08 14042 37.0 ± 4.0 101 
Mean 14294 98 
Table 7 Data for NIST 612 showing the certified elemental concentration, calculated mass flow ratio and calculated elemental concentration 
using Co as an internal standard. performed under dry plasma conditions with constant LA parameters 
Certified concentration with Calculated concentration with 
Isotope associated uncertainty/mg kg-I Mass flow ratio associated uncertainty/mg kg-I Recovery (%) 
47Ti 50.1 ± 0.8 21055 
52Cr Not certified 
s5Mn 39.6 ± 0.8 16193 
S9CO 3S.s ± 1.2 14074 
6SCu 37.7 ± 0.9 11999 
88Sr 78.4 ± 0.2 21065 
I07Ag 22 ± 0.3 11248 
IIICd Not certified 
1J7Ba 41 ± not quoted 19549 
I40Ce 39 ± not quoted 15618 
"'1'1 15.7 ± 0.3 9667 
''''pb 38.57 ± 0.2 10258 
208Pb 38.57 ± 0.2 9869 
2J8U 37.38 ± 0.08 11336 
Mean 14328 
all three analyses, the change in mass flow ratio must have 
been due to a large difference in the ablated mass transported 
to the plasma. The results indicate that much more polymer 
sample was transported, most likely due to increased coupling 
between the laser beam and the polymer. 
Analysis of BCS No. 387 Nimonic 901 Alloy. Analysis of 
BCS No. 387 Nimonic 901 Alloy was undertaken as an 
example of a typical metal alloy sample. For this analysis 
Cu was chosen as an internal standard element. The data 
obtained are shown in Table 9. 
When using Cu as an internal standard, the analysis proved 
successful in the quantification of Co and Pb, and good 
agreement with the certified concentration was obtained. The 
quantification of MD was less successful. This was due to the 
fact that the certified concentration of Mn was very high in the 
reference material, producing a signal intensity above the 
linear range of the ICP-MS deleclor (especially when com-
bined with the signal intensity from the aqueous calibration 
standards). This gave erroneous calibration data, leading to an 
inaccurate quantification. Mass flow ratios were similar to 
those obtained for the polymer sample, again indicating that 
This journal is © The Royal Society of Chemistry 2006 
30.7 ± 3.0 61 
40.1 ± 3.2 
34.4 ± 3.0 87 
Internal standard 
44.2 ± 7.1 117 
52.4 ± 4.8 67 
27.5 ± 3.7 125 
30.0 ± 1.8 
29.5 ± 3.0 72 
35.1 ± 3.0 90 
22.9 ± 1.6 146 
30.7 ± 9.5 80 
32.2 ± 12.3 83 
23.8 ± 6.3 64 
90 
there was an increased transport of metal sample to the plasma 
in comparison to the glass. 
Conclusions 
Although dry plasma conditions may be beneficial when 
performing isotope ratio measurements by LA-ICP-MS due 
to reduced oxides and hydroxides, it has been shown that a wet 
plasma is more advantageous for routine analysis. The find-
ings indicate that the on-line addition of water is the preferred 
mode of operation for quantification by LA·ICP-MS. Em-
ploying a wet plasma produces more standardised plasma 
conditions and buffers against the detrimental effects of sam-
ple loading and reduced plasma robustness. Furthermore, the 
exclusion of a desolvation system results in faster analysis time 
(due to reduced sample uptake, wash-in and wash-out times) 
and less expense (due to reduced analysis time, energy and gas 
requirements). 
The theory presented in this paper has enabled differentia· 
tion between "sensitivity" and mass flow. The calculation of a 
mass flow ratio is useful not only for calibration, but also as a 
measure of the relative flux between two sample introduction 
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Fig. 5 The correlation between the calculated elemental concentrations and the certified elemental concentrations, using Co as an internal 
standard element, under wet plasma conditions for NIST 612. 
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Fig. 6 The correlation between the calculated elemental concentrations and the certified elemental concentrations, using Co as an internal 
standard element, under dry plasma conditions for NIST 612. 
sources. The mass flow ratios reported indicate the very small 
amounts of material that are transported to the plasma from 
the ablation site when compared with the quantities intro~ 
duced by a standard nebulizer and spray chamber. It has been 
shown that different samples can yield highly different mass 
flow ratios, related to the optical and physico-chemical proper-
ties of the sample. Differences in the mass flow ratios between 
elements are a direct indication of the occurrence and extent of 
elemental fractionation. 
This paper has shown that on-line additions of aqueous 
calibration standards without desolvation can produce rapid 
and 'fit for purpose' quantitative data in the absence of a 
CRM. The ability of this method to make such determinations 
564 I J. Anal. At. Spectrom., 2006, 21,556-565 
has gained particular relevance with the introduction of the 
Restriction of the use of certain Hazardous Substances 
(RoHS) and Waste Electrical and Electronic Equipment 
(WEEE) Directives. 
The practical aspects of multi-point, on~line additions cali-
bration may make it more useful for method development 
than practical analysis. (as a precursor to a single point 
calibration by normal internal standardisation), especially 
since it requires a large sample area of homogenous analyte 
and internal standard distribution and typically a ten minute 
time for sample analysis. For example, the method could be 
performed on a CRM to investigate fractionation and matrix 
effects, aiding the choice of internal standard (if a choice is 
This journal is © The Royal Society of Chemistry 2006 
Table 8 Data for ERM 681 Trace Elements in Polyethylene showing the certified elemental concentration, calculated mass flow ratio, and 
calculated elemental concentration using Cd as an internal standard, perfonned under wet plasma conditions with constant LA parameters 
Certified concentration with Calculated concentration with 
Isotope associated uncertainty/mg kg-I Mass flow ratio associated uncertainty/mg kg-' Recovery (%) 
52Cr 17.7 ± 0.6 4974 17.5 ± 3.5 99 
tiled 21.7 ± 0.7 4910 Internal standard -
'06pb 13.8 ± 0.7 4813 14.1 ± 0.48 102 
208Pb 13.8 ± 0.7 4869 13.9 ± 0.43 101 
Mean 4892 101 
Table 9 Data for BeS 387 Nimonic 901 Alloy showing the certified elemental concentration, calculated mass flow ratio and calculated elemental 
concentration using Cu as an internal standard and perfonned under wet plasma conditions with constant LA parameters 
Certified concentration with Calculated concentration with 
Isotope associated uncertainty/mg kg-I Mass flow ratio associated uncertainty/mg kg-' Recovery (%) 
sSMn 250 ± not quoted 4575 
S9CO 200 ± not quoted 4703 
"'Cn 76 ± not quoted 4660 
'"'Pb 0.8 ± not quoted 5lO7 
208Pb 0.8 ± not quoted 4933 
Mean 4796 
available), before subsequent single point calibration on the 
real sample. 
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Powdered samples have been pressed, utilising a standard KBr infrared (IR) press, to produce 
mechanically stable 13 mm discs. Three 'absorbing', organic based binders have been employed in 
this work, vanillic acid, pyrazinoic acid and nicotinic acid, chosen because of their high optical 
absorbance at the wavelength of the incident laser energy (213 nm). Poly(vinyl alcohol) (PVA) 
was employed as an example of a 'non-absorbing' binder and because its use has been described 
previously in the literature. Discs of various sample/binder compositions were prepared and their 
absorption properties characterised by diffuse reflectance spectroscopy. Laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) was used to investigate the effect of different 
sample/binder compositions on signal sensitivity, whilst surface profilometry was perfonned on 
the resulting tracks to provide an estimate of the ablation depth achieved by the laser beam. It 
was found that discs prepared with vanillic acid had the highest optical absorbance at the 
wavelength of the laser system employed, resulting in a lower ablation depth and improved signal 
sensitivity, probably through the formation of smaller particles during the ablation process. 
Analysis of certified reference materials (CRMs) was perfonned using simple external calibration 
standards of similar and dissimilar CRMs. It was found that discs produced using a 40% vanillic 
acid binder, with a 60% sample composition gave superior quality analytical data when compared 
with the use of 40% PVA binder or no binder at all. These findings indicate the potential for fit-
for-purpose quality analytical data to be obtained when employing external calibration standards, 
without internal standardisation and without exact matrix matching. These data also provide 
further evidence that standardisation of ablation conditions and mass flux to the plasma are 
prerequisites for <robust calibration, particularly in the absence of a suitable internal standard 
element. 
Introduction 
Laser ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS) has become the most versatile technique for the 
direct determination of trace elements in a wide variety of solid' 
sample types. It has particular application for the determina-
tion of trace elements in sample types, such as metals, rocks, 
polymers and ceramics, and avoids the risk of contamination 
associated with complex digestion procedures. 
The limitations of LA-ICP-MS are well known, namely 
elemental fractionation and a lack of certified reference mate-
rials (CRMs) for the majority of sample types. 'In house' solid 
synthetic standards are often prepared to allow external 
calibration; however, with such external standards it is espe-
cially important that the standard matches the sample in terms 
of matrix composition, since even a small difference in com-
position can lead to vastly different rates of ablation. 
There are two common approaches to solid standard pre-
paration. The first approach is fusion to form a glass bead or 
Analytical Atomic Spectroscopy Group. Department of Chemistry. 
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disc. I- 9 The second approach is to press a powdered sample 
into a disc.2-4.7.10-21 These studies have shown that since the 
ablation yield can vary by as much as 50% between discs, poor 
analytical data is obtained unless the calibration standards 
are prepared to exactly match the sample, or an internal 
standard element is used to correct for these large differences 
in ablation yield. 
A major advantage of standard preparation of this type is 
that it facilitates the addition of internal standard elements, 
isotope spikes, or matrix modifiers. The use of matrix modi-
fiers has been demonstrated by Boue-Bigne el al.22 to improve 
the analytical data obtained from the direct ablation of liquid 
calibration standards. The absorption coefficients of the stan-
dards were modified by the addition of organic chromophores 
so that they more closely matched those of the sample. 
Matrix modification to improve the ablation efficiency has 
been achieved by addition of metal oxides in order to enhance 
the absorbance characteristics of the target.23-2S Weis et al.2s 
reported an extensive investigation into the addition of Fe203 
as a matrix modifier to modify the absorption coefficient 
of lithium metaborate discs. It was found that the addition 
of Fe20, led to a greater absorption of the incident laser 
energy, leading to a shorter optical penetration depth and a 
subsequent reduction in the size of particles produced by the 
J. Anal. At. Spectrom., 2007, 22, 273-282 I 273 
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Fig. 1 The molecular structures of the four binders investigated in 
this work. 
ablation process. Lee et al.21 found that the addition of Triton· 
X to samples pressed into discs led to increased sensitivity and 
suggested that this might be due to improved absorption ofthe 
laser energy. 
Much work has been performed relating LA parameters to 
the particle size distribution of the generated aerosol and the 
effect upon figures of merit for ICp·MS. The parameters that 
have been investigated include ftuence, pulse duration, wave-
length, carrier gas and absorption properties of the sample.2>-3. 
However, it is important to understand that the particle size 
distribution created by the ablation process is not indicative of 
what reaches the ICP, since particles can change shape by 
processes such as vaporisation, condensation and agglomera-
tion with other particles,40 The processes involved in the 
formation of particles from ablated matter are complex and 
remain poorly understood: however, recent models provided 
by Hergenroder,41-43 have helped to clarify this complexity 
and provide explanations for the different particle size frac-
tions encountered. 
This paper reports a detailed investigation into the benefits 
of the· addition of organic chromophores, simultaneously 
acting as binders, to powdered samples before subsequent 
pressing into discs. The organic chromophores chosen for this 
investigation, vanilIic acid, pyrazinoic acid and nicotinic acid, 
are common matrix assisted laser desorption ionisation 
(MALDI) matrices and were chosen due to their high absor· 
bance at 213 nm, the wavelength of the laser ablation system 
employed. The other binder investigated in this work, poly 
(vinyl alcohol) (PV A), was chosen since it and other high 
molecular weight alcohols and polymers have been reported to 
act as effective sample binders. 16.44-48 Further, PVA is rela-
tively non-absorbing in comparison to the 'absorbing' binders 
at the laser wavelength. The molecular structures of all four 
binders are shown in Fig. 1, whi1st Table 1 lists their Amax 
values and associated molar absorptivities.49 
The addition of chromophores should improve the coupling 
between the laser beam energy and the sample, leading to an 
improved efficiency of ablation and the formation of smaller 
particles at the ablation site. The smaller particles are more 
efficiently transported to and more fully processed by the 
plasma, leading to enhanced sensitivity and a reduction in 
Table 1 Amax values and molar absorptivities for various binders used 
in this investigation49 
Binder 
Vanillic acid 
Nicotinic acid 
Pyrazinoic acid 
217 
217 
208 
Molar abso!1'tivity. 
tma,,/Lmol-1cm-1 
22900 
8610 
7960 
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elemental fractionation. It was anticipated that by incorporat-
ing the chromophores into the discs a more sample indepen-
dent ablation process would result, offering the possibility of 
improved analytical data when using external calibration 
standards. This is of particular importance when no suitable 
internal standard is available. 
Experimental 
Solid sample preparation 
The powdered sample, in this case a CRM, and the powdered 
binder, PVA (Fisher Scientific, Loughborough, Leicestershire, 
UK), vanillic acid, pyrazinoic acid or nicotinic acid (Alfa 
Aesar, Heysham, Lancashire, UK), were weighed out to yield 
a combined total mass of 0.40 g. 
Two methods were employed for mixing the two powders. 
The first was to simply combine the powders in a pestle and 
mortar and grind for a period of 10 min until a homogenous 
looking mixture was achieved. The second approach involved 
the use of an MM 200 mixer mill (Retsch, Leeds, Yorkshire, 
UK) to obtain a more homogenous mixture. In this case, the 
mixture was weighed out directly into a 25 ml polystyrene 
sample vial with two, 9 mm polyamide beads. The mixture was 
homogenised for a period of 15 min at a frequency 000 Hz. 
0.25 g of the resulting mixtures of sample and binder were 
transferred to a standard infrared (IR) press using 13 mm dyes 
(Specac, Orpington, Kent, UK) and pressed into a disc using 
10 t of pressure for approximately 5 min. The resulting discs 
had a diameter of 13 mm and a thickness of 1.2 mm. This 
method of pressing produced discs of good mechanical stabi· 
lity and of good surface finish, as can be seen in Fig. 2, 
especially as the ratio of binder to sample was increased. 
Early trials with PVA suggested that particle sizes of 
<50 Ilfll were required for good ablation perfortnance. The 
particle sizes used in this investigation were much smaller than 
this and were mostly in the 1-10 )lm range, which is the range 
Fig. 2 Digital photograph of a disc produced using vanillic acid as a 
binder and employing the mixer mill as a sample/binder mixing 
method. 
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Table 2 Experimental parameters for all instrumentation employed 
in this investigation 
Laser ablation system 
Type 
Wavelength 
Pulse duration 
Fluence 
Repetition rate 
Sampling strategy 
Spot diameter 
Sample translation rate 
He carrier gas flow 
Ar make up flow 
Binders 
Samples 
ICP-MS 
Type 
Auxiliary gas flow 
Cooling gas flow 
Plasma RF power 
Isotopes monitored 
Acquisition mode 
Detector mode 
Channels per peak 
Dwell time 
No. of sweeps 
No. of replicates 
Solution nebulisa tion 
Nebuliser 
Spray chamber 
Diffuse reflectance 
Spectrometer 
Light source 
Reflectance probe 
Probe holder 
Integration time 
Spectra average 
Reflectance standard 
Replicates 
Surface profiling 
Type 
No. of points 
Spacing 
Vertical range 
No. scans per sample 
Solid state Nd:YAG, UP-213 
213 nm 
4 ns 
2 J cm-2 
20 Hz 
Raster 
110 ~m 
10 ~m S-I 
0.80 L min-1 
1.00 L min- 1 
Poly(vinyl alcohol) (PVA) 
Vanillic acid 
Nicotinic acid 
Pyrazinoic acid 
IMEP 14 Sediment CRM 
GBW 07311 Sediment CRM 
GBW 07401 Soil CRM 
NIST 8435 trace elements in 
powdered milk CRM 
PQ ExCell 
0.80 L min- I 
12.00 L min-1 
1400W 
DC, 47Ti, S2Cr S5Mn, 59eo, 
65CU, 66Zn, 107 Ag, III Ag, 137Ba, 
D~a, IS3Eu, I66Er. 20STI, 206Pb, 238U 
Peak hopping 
Dual range 
I 
100 ms 
100 
50 
PFA-IOO ~L fixed capillary 
Custom made cyclonic 
USB 2000 
OH 2000 
R400-7-SR-BX 
RPH-l probe holder 
I , 
5 
WS-l diffuse reflectance 
,tandard (PTFE) 
5 
RM 600 laser stylus 
800 
2~m 
±300 ~m 
5 
produced by the mixer mill (values taken from manufacturer's 
specification for milling of soft powders). 
Instrumentation 
Table 2 lists experimental parameters for all the instrumenta-
tion used throughout this investigation. 
A commercially available UP-213 laser ablation system 
(New Wave Research Inc., Huntingdon, Cambridgeshire, 
UK) operating in the deep UV (213 nm) was employed using 
This journal is @ The Royal Society of Chemistry 2007 
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Fig. 3 A schematic of the system used for LA·ICP-MS analysis. A 
PFA nebuliser and custom made cyclonic spray chamber was 
employed to produce the wet plasma condition. 
He as a carrier gas due to its improved ablation and transport 
characteristics.29,SO,St The He carrier gas was combined with 
an auxiliary Ar gas flow 1 m before the torch using a simple 
polypropylene V-piece (Fisher Scientific, Loughborough, Lei-
cestershire, UK). A further tangential mixing vessel was placed 
in the Peltier chamber of the ICP-MS to facilitate further 
mixing of the two gas lines. All gas lines used were constructed 
from I m lengths of 6 mm od Tygon N tubing (Fisher Scientific, 
Loughborough, Leicestershire, UK). 
The LA system was coupled to a VG PQ ExCell ICP-MS 
instrument (Thermo Electron Corporation, Winsford, Che-
shire, UK). Optimisation of the torch-box position, lens 
voltages, auxiliary Ar gas flow and LA carrier gas flow was 
performed before analysis, with respect to the tUIn signal 
intensity obtained upon ablation ofNIST 612 Trace Elements 
in Glass CRM. The LA parameters employed were used to 
reproduce the typical conditions encountered in bulk analysis 
by LA-ICP-MS. 
Calibration experiments were performed both under 'dry' 
and 'wet' plasma conditions and the quality of analytical data 
compared to determine whether the more standardised plasma 
conditions offered by employing a 'wet' plasma led to an 
improvement in data quality. as has been previously re-
ported.52 In this paper the term "wet" refers to a plasma in 
which the liquid phase aerosol and vapour phase water are 
present, i.e., the classical wet plasma produced in solution 
analysis. This was achieved by combining the aerosol pro-
duced by solution nebulisation of 18.2 MQ cm-I purity water 
(Elga Lab Water, High Wycombe, Buckinghamshire, UK) 
using a PFA-IOO ilL fixed capillary nebuliser (Elemental 
Scientific Inc., Omaha, Nebraska, USA) and a custom-made 
cyclonic spray chamber, with the LA aerosol using the poly-
propylene V-piece (Fisher Scientific, Loughborough, Leices-
tershire, UK). Fig. 3 shows the experimental arrangement 
employed. 
Diffuse reflectance analysis was performed on the discs to 
characterise their absorption properties. For the purpose of 
this investigation it was the reflectance of the discs at 213 nm 
that was of particular relevance since this coincided with the 
wavelength of the LA system employed. An Ocean Optics 
(Dunedin, Florida, USA) USB 2000 photodiode array spec-
trometer operated in diffuse reflectance mode was employed. 
Surface profiling of the craters produced was performed 
using a custom made system employing a Rodenstock RM 600 
laser stylus (Munich, Gennany). This is a non-contact laser 
1. Anal. At. Spectrom. 2007, 22, 273-282 I 275 
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stylus that uses dynamic focusing of the laser beam and the 
focus error signal to determine surface topography, 
Homogeneity trials 
In order to perform bulk analysis by LA-ICP-MS it is vital 
that the analyte is homogenously distributed throughout the 
sample. This is of particular importance when a binder is used, 
whether it is absorbing or not. For this reason an investigation 
into the homogeneity of the elemental distribution was per-
formed, utilising the Transient Rapid Analysis (TRA) function 
of the ICP-MS. A dry plasma was used for this investigation. 
Using the setup described in Fig. 3 and the parameters listed 
in Table 2, the distributions of elements within discs produced 
by mixing in a pestle and mortar and discs produced by mixing 
in an MM 200 mixer mill were compared. For this investiga-
tion, three discs were analysed, consisting of GBW 07311 
Sediment CRM and a vanillic acid binder. Their composition 
and mixing method is shown Table 3. 
BC was used as an internal standard element to correct for 
differences in rates of ablation during the ablation of each 
track. The elemental distribution acrosS the discs was mon-
itored and the %RSD of the ratio ofanalyte signal intensity to 
BC signal intensity was determined and used as an indication 
of homogeneity. The %RSD was determined over a range of 
9 mm in the middle of the laser ablated track, i.e., between the 
3 mm and 12 mm points on the graphs produced. 
Effect of varying disc composition 
Discs of varying composition were produced to determine the 
effects of different types and compositions of binders and 
samples. Three different 'absorbing binders' were chosen for 
this investigation due to their high absorptivity around the 
wavelength of the incident laser beam, as is shown in Table 
1:49 vanillic acid, nicotinic acid and pyrazinoic acid. PVA was 
chosen as an example of a 'non-absorbing' binder. GBW 
07311 Sediment CRM was chosen as a sample in this parti-
cular investigation, since it is well characterised for a range of 
analytes. A series of discs with increasing CRM composition, 
i.e., 0, 10, 20, 40, 60, 80 and 100%, was produced for each 
combination of sample and binder. 
LA-Iep-MS analysis 
These discs were analysed by LA-ICP-MS, using the para-
meters described in Table 2 and the setup shown in Fig. 3, to 
determine the effects of differing binder type and binder 
composition on signal sensitivity and stability and to establish 
the optimum disc composition. In each case the laser beam 
was focused upon the disc surface. Response curves were 
plotted for all the isotopes monitored. 
Table 3 Composition and production method of discs used in 
homogeneity trials. GBW 07311 Sediment CRM was used as a sample 
Mixing method 
Disc no. employed 
Disc t 
Disc 2 
Disc 3 
Pestle and 
mortar 
Ball mixer 
Binder 
type Composition 
100% CRM 
Vanillic acid 40% binder 60% CRM 
Vanillic acid 40% binder 60% CRM 
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It should be noted that although the concentration of C was 
around 50% in the discs, the ablated mass produced by the 
UP-213 LA system was so small that no significant deposition 
was observed upon the cones, even in bulk analysis mode. For 
this reason no O2 addition to the plasma was required. 
Diffuse reflectance analysis 
Diffuse reflectance analysis was performed, employing the 
parameters described in Table 2, on the same series of discs 
used for the LA-ICP-MS investigation, to determine the effect 
of differing binder type and binder composition on the absorp-
tion properties of the discs. The mean % reflectance at 213 nm 
was determined for each disc using five replicates. All reflec-
tance measurements were made relative to a PTFE diffuse 
reflectance standard, as stated in Table 2. 
The absorption properties of the pure binders were char-
acterised by determining the mean % reflectance of '100% 
blank' discs with respect to the PTFE standard. 
Surface profilometry 
Surface profilometry was performed on the discs produced 
from 100% of each of the binders to determine the maximum 
ablated crater depth, produced using the same LA para-
meters as described in Table 2. This crater depth was used as 
an indication of the effective ablation depth achieved by the 
laser. It is recognised that optical absorbance was not the sole 
parameter affecting the data obtained in this investigation and 
that the different physicochemical properties of the binders 
also affected the outcomes. However, the particle sizes of the 
binders used to press the discs were all similar and the press 
has been shown to produce discs of consistent density and 
hardness, so it was reasonable to assume that absorbance was 
the major factor determining the depth of the craters ablated. 
CaHbration 
To determine whether the presence of the organic chromo-
phore offered any advantage when performing quantitative 
analysis by LA-ICP-MS, two simple calibration strategies 
based upon external calibration with and without internal 
standardisation were devised. 
Nomenclature 
I = Signal intensity or ion count rate (counts S-I) 
C = Concentration (mg kg-') 
Superscript 
A = Analyte 
IS = Internal standard element 
Subscript 
S = Sample 
Std = Standard. 
The concentration of analyte within the sample disc is 
determined from eqn (I) 
d =lA/ltd S S CA 
Sld 
(I) 
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If an element of known concentration is available within the· 
sample and standard, than internal standardisation can be 
utilised, yielding eqn (2). 
(2) 
Calibration was performed using sample and standard discs 
produced from 100% CRMs and from sample and standard 
discs produced from 60% CRM and 40% PV A or vanillic acid 
binder. Different combinations of discs were used as sample 
and external standard and the quality of data compared to 
determine the effects of the presence of the vanillic acid 
organic chromophore, in particular whether utilising vanillic· 
acid offered an improvement in data quality over PV A or pure 
pressed sample/standard. These investigations were performed 
under both wet and dry plasma conditions to determine 
whether the use of wet plasma conditions offers any advantage 
with respect to standardising plasma conditions, as was ob~ 
served in previous work. 52 
Another set of calibrations was performed involving the use 
of a sample and a standard that were totally different in terms 
of their matrix composition. NIST 8435 Whole Milk Powder 
CRM was employed as either sample or standard with the 
other soil and sediment CRMs used previously. Again vanillic 
acid and PVA were used as a binder. This type of calibration 
was performed solely to verify the advantages offered by 
employing an absorbing binder. It is recognised that this 
deliberate 'mismatching' of sample and standard would not 
be employed for the analysis of a real s"IDple. This series of 
calibrations were performed utilising 'dry' plasma conditions 
only. 
It should be noted that for analysis of a 'real' sample, an 
internal standard element would normally be employed to 
correct for differences in ablation rates between the sample 
and the standard. In this investigation, the relative data 
quality between calibration sets, without internal standardisa~ 
tion, was more important than the absolute data quality with 
internal standardisation in showing the differences between the 
binders. However, since CRMs have been used as both 
samples and standards, then an internal standard element 
was available. For this reason, data utilising 65CU as an 
internal standard element is also presented and is useful in 
providing a comparison of the data quality obtainable with 
this method. 
Results and discussion 
Homogeneity trials 
The elemental distributions across the discs produced using 
the ball mixer were much more homogenous when compared 
with those produced using a simple pestle and mortar. This 
can be seen in Fig. 4 and is numerically indicated by the much 
smaller %RSDs obtained for those discs as highlighted in 
Table 4. Importantly, discs produced from 100% CRM, with 
no subsequent homogenising stage, also showed poor homo~ 
geneity, indicating the importance of using a homogenising 
This joumal is © The Royal Society of Chemistry 2007 
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Fig. 4 LAMICP-MS analysis to detennine the elemental distribution 
across discs: (I) produced from 100% sample, (2) 60% CRM and 40% 
vanillic acid binder mixed using a simple pestle and mortar and (3) 
60% CRM and 40% vanillic acid binder mixed using a MM 200 mixer 
mill. CRM was GBW 07311 Sediment. 
mixer mill even when no binder is employed, since the CRMs 
may not be as homogenous as is often assumed. 
It is vital that the distribution of analyte within the discs is 
homogenous in order to obtain accurate and precise 
Table 4 RSDs (%) of (analyte signal intensity/13e signal intensity) 
ratio for discs 1-3. Discs 2 and 3 were prepared using a 60% CRM and 
40% vanilIic acid binder mixture 
RSD (%) of (analyte signal intensity/13C 
signal intensity) 
Disc 1 100% CRM 44 27 127 
Disc 2 pestle and mortar 39 29 117 
Disc 3 Ret,ch MM 200 26 13 26 
Mean 
RSD (%) 
66 
62 
22 
J. Anal. At. Spectrom., 2007, 22, 273-282 I 277 
20000 
.Vanlllio::-.:!d 
~ 18000 • NIootkIIc8eid 
~ 16000 ... PyramoIe.ad .",,. 
~ 14000 
... 
~12000 i 10000 
;; 8000 
c 6000 ... 
UI 
f 4000 2000 
0 
0 I. 20 3. 40 50 eo 7. 80 90 
S.mplt Com~ltlon {%} 
Fig. 5 LA-ICP-MS data for discs produced using GBW 07311 
Sediment as a sample and different binders of varying composition. 
Table 5 Reflectance data at 213 om for discs produced from 1000/0 of 
all the binders used in the investigation of discs produced from 100% 
GBW 07311 Sediment 
Mean Standard RSD 
Disc reflectance (%) deviation (%) 
Vanillic acid 1.37 0.30 22.70 
Pyrazinoic acid 2.40 0.33 8.68 
Nicotinic acid 5.26 0.40 7.57 
GBW 07311 Sediment 8.48 0.40 4.72 
PVA 11.19 0.96 8.58 
quantitative data. Using the ~absorbing binders' it is also 
necessary to ensure that the sample and binder have been 
adequately mixed, prior to pressing to facilitate an efficient 
coupling of the laser beam energy and the sample surface. It 
has been shown in this investigation that the use of a mixer 
mill is essential to provide a sufficient degree of mixing 
between sample and binder. All further discs employed in this 
" investigation were therefore prepared using the mixer mill 
method rather than the pestle and mortar, which produced 
an inadequate degree of mixing. 
Effect of varying disc composition 
LA-ICP-MS analysis. The use ofvanillic acid as a binder led 
to increased sensitivity in comparison with the other binders 
12 
,. 
g 8 
investigated, as indicated by the steep climb and the high 
optimum of the curve in Fig. 5 (although Fig. 5 uses 238U as 
the analyte, all the analytes investigated, see the list in Table 2, 
gave the same result). Vanillic acid was followed by pyrazinoic 
acid and nicotinic acid in terms of overall sensitivity. 
This order correlated with the molar absorptivities of the 
compounds quoted in Table I. in which vanillic acid is shown 
to possess a greater molar absorptivity when compared with 
pyrazinoic and nicotinic acids. Importantly, all three 'absorb· 
ing binders' showed a gain in sensitivity when compared with 
the use of 'non·absorbing' PVA. 
The absorbing binders, vanitlic acid, nicotinic acid and 
pyrazinoic acid, yielded distinct curves with optima around 
6()"'80% CRM composition. Significantly. analysis of the 
series of discs produced using PV A yielded a straight line 
(R2 = 0.9994), as is found for a regnlar external calibration, 
rather than a curve, indicating the absence of any optical 
absorbance effect. 
Diffuse reflectance analysis. The diffuse reflectance data 
obtained are shown in Fig. 6. The occurrence of the distinct 
curves can be related to the optical properties of the binders 
employed. When an 'absorbing binder' was employed, as the 
concentration of sample and consequently analyte was in-
creased, there was a subsequent decrease in the absorbance 
of the sample surface (indicated' by an increase in % reflec-
tance) due to a reduction in absorbing binder concentration. 
There is a crossover point for the curves obtained from the 
analysis ofpyrazinoic and nicotinic acid; as yet no explanation 
can be given, although it was observed that after pressing a 
pink tinge was often present on the surface of discs produced 
from pyrazinoic acid, indicating the occurrence of some 
unusual surface effects. Importantly, the data for PVA showed 
a slight decrease in reflectance as the sample concentration 
was increased, due to the fact that in this case the sampie, 
GBW 07311 Sediment, had a greater absorptivity than the 
binder, PV A. 
The diffuse reflectance data followed the same trend as the 
quoted molar absorptivities, see Table 5, of the compounds 
and the LA·[Cp·MS data described previously. Vanillic acid 
offered the greatest absorbance of the laser energy, followed by 
pyrazinoic and nicotinic acids. As expected, PV A has been 
shown to possess the lowest optical absorbance at the lasing 
J: L_--------::?r--
2t::=---- + VanIIIlc acid ._-
... Pyrazlnolc IICId 
.PVA 
o~~----------~~~~------~~ 10 ~ ~ 40 W M ro 00 00 _ 
Sample Compoalllon (%) 
Fig. 6 Reflectance data at 213 nm for discs produced using GBW 073 t 1 Sediment as a sample and different binders of varying composition. 
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Table 6 Maximum crater depth measurements for discs produced from each of the four binders, obtained using surface profilometry 
Maximum crater depth/Ilm 
Disc 2 3 
Vanillic acid 86 93 81 
Nicotinic acid 96 86 91 
Pyrazinoic acid 91 102 104 
PVA 137 152 148 
wavelength and showed a greater degree of reflectance than 
the pure sample. 
Surface profiling. Surface profiling of the laser ablated 
tracks showed that, as expected, ablation produced shallower 
craters in more absorbing matrices. These data are shown in 
Table 6. The depth of the craters produced correlated with the 
LA-rCP-MS and diffuse reflectance data already reported, in 
that the shallowest craters were produced in the most absorb-
ing substrate, the vaniIlic acid. The deepest craters were 
produced in the least absorbing substrate, the PVA, as ex-
pected. The crater depths indicate directly the depth of pene-
tration of the laser beam before its intensity falls below the 
threshold intensity for ablation. Nicotinic acid and pyrazinoic 
acid gave similar, relatively shallow crater depths, indicating 
that they offer a similar optical penetration depth. 
It would have been interesting to characterise the shape and 
maximum depth of the _ craters produced in discs containing 
sample rather than just the binders. However, access to the 
surface profiling instrumentation was restricted and it was felt 
that it was most important to characterise the craters pro-
duced in the four binders used. 
Although the greatest volume/mass of substrate was re-
moved for the non-absorbing binder, the highest analytical 
sensitivity was obtained from the smallest crater volumes. The 
increased sensitivity offered by using an 'absorbing binder', 
such as vanillic acid, was almost certainly due to the produc-
tion of smaller sized particles at the ablation site. Such smaller 
particles were more efficiently transported to and processed by 
the rcp. Recent studies have shown that small particles are not 
necessarily produced directly from the laser-solid interaction, 
but more likely through secondary processes, namely by 
condensation of vaporised material.41-43 Nevertheless, a 
4 5 Mean SD RSD (%) 
87 86 87 4.2 4.8 
105 108 97 9.4 9.7 
98 98 98 5.1 5.2 
127 109 135 17.3 12.9 
highly absorbing substrate results in a thinner melt layer and 
lower penetration depth, which in turn produces an aerosol 
with smaller particle sizes and importantly an absence oflarger 
particles that are not efficiently transported and processed by 
the plasma. The generation of smaller particles during the 
ablation process is likely to reduce elemental fractionation 
occurring within the rcp, which may be caused by selective 
volatilisation from the surface of large particles that are not 
fully vaporised. Therefore, the use of these absorbing binders 
should contribute to minimising the detrimental effects of 
elemental fractionation on quantitative analysis by LA-Iep-
MS, as well as providing the more obvious benefits offered by 
increased sensitivity. 
Calibration and analysis 
The data obtained under.'dry' plasma conditions are shown in 
Table 7. The recoveries were consistently closer to 100% when 
vanillic acid was used as a binder, compared with the use of a 
less absorbing binder or no binder at all. This outcome was 
true for all the elements studied with no oudiers. When 
employing the vaniIlic acid, all external cross-calibrations 
resulted in recoveries well within ±IO%. This was due to the 
chromophore dominating the ablation process rather than the 
sample. Unlike simple dilution of the sample, this 'active 
substrate' dilution/matrix matching enhanced sensitivity 
rather than reduced it. Vanillic acid yielded a signal response 
that was three times greater than when PV A was used. 
External cross-calibration using discs of 100% CRM re-
sulted in a broad range of recoveries (47-199%), indicating 
that the differences in sample matrix had large effects on the 
quality of data obtained. It is well documented that even small 
changes in sample matrix can lead to large variations in 
Table 7 Analytical data showing the mean and RSD (%) recoveries using different combinations of discs as sample and standard. The data were 
obtained under 'dry' plasma conditions. The term 'n =' represents the number ofanalytes quantified per calibration. IMEP 14 and GBW 07311 are 
sediments whilst GBW 07401 is a soil 
Recovery data Recovery data Recovery -data 
100% CRM (%) 40% PVA (%) 40% vanillic (%) 
Sample Standard Mean RSD Mean RSD Mean RSD n= 
IMEP 14 GBW 07311 199 25 219 20 92 12 6 
GBW07401 GBW 07311 110 20 149 53 109 12 15 
GBW 07311 IMEP 14 53 15 47 20 104 23 6 
GBW07401 IMEP 14 47 11 72 60 110 13 6 
GBW 07311 GBW07401 89 20 132 170 96 9 15 
IMEPI4 GBW07401 222 49 164 32 92 13 6 
Mean 120 23 131 59 101 14 
Standard deviation 74 63 8 
RSD(%) 62 48 8 
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Table 8 Analytical data showing the mean and RSD (%) recoveries using different combinations of discs as sample and standard. The data were 
obtained under 'wet' plasma conditions. The term 'n =' represents the number of analytes quantified per calibration. IMEP 14 and GBW 07311 
are sediments whilst GBW 07401 is a soil 
Recovery data 100% CRM (%) Recovery data 40% PVA (%) Recovery data 40% vanillic (%) 
Sample Standard Mean RSD Mean RSD Mean RSD n~ 
IMEP 14 GBW07311 177 17 183 19 93 10 6 
GBW07401 GBW07311 115 23 125 55 110 12 IS 
GBW 07311 IMEP 14 69 IS 49 20 104 24 6 
GBW07401 IMEP 14 59 18 75 55 III IS 6 
GBW07311 GBW07401 92 24 130 71 98 7 IS 
IMEPI4 GBW07401 174 37 149 41 94 11 6 
Mean 114 22 119 44 102 13 
Standard deviation 51 49 8 
RSD(%) 45 41 8 
Table 9 Analytical data showing the mean and RSD (%) recoveries using different combinations of discs as sample and standard. In this case the 
sample and standard were deliberately chosen to differ in terms of their matrix composition. IMEP 14 and GBW 07311 are sediments, GBW 07401 
is a soil, whilst NIST 8435 is a powdered milk. The data were obtained under 'dry' plasma conditions. The tenn 'n =' represents the number of 
analytes quantified per calibration 
Recovery data 100% CRM (%) 
Sample Standard Mean RSD 
NIST 8435 GBW07311 286 51 
NIST 8435 GBW07401 314 44 
NIST 8435 IMEP 14 232 111 
GBW07311 NIST 8435 41 40 
GBW07401 NIST 8435 36 34 
IMEP 14 NIST 8435 78 55 
Mean 165 56 
Standard deviation 127 
RSD(%) 77 
ablation rates and hence the poor quality data obtained by this 
type of cross-calibration were hardly surprising. 
When the non-absorbing PV A was employed as a binder, the 
quality of the data declined even further and a larger range of 
recoveries was obtained (47-219%). This can probably be 
attributed to the dilution of the sample, resulting in reduced 
sensitivity, since unlike vanillic acid, PVA does not offer an 
increase in target absorbance: This reduction in sensitivity meant 
that many analytes· in the discs were at levels closer to their 
detection limits where the quality of analytical data was poorer. 
The fact that an absorbing binder such as vanillic acid does 
offer an advantage over the use of a non absorbing binder, 
Recovery data 40% PVA (%) Recovery data 40% vanillic (%) 
Mean RSD Mean RSD n~ 
291 
294 
212 
40 
33 
61 
155 
125 
80 
55 158 16 5 
53 165 16 5 
98 166 12 4 
53 66 20 5 
44 68 IS 5 
62 72 14 4 
61 116 16 
52 
45 
such as PVA, was confinned by the repeat of the analyses 
under wet plasma conditions. Table 8 shows that the calcu-
lated recoveries were much closer to 100% when vaniIlic acid 
was used rather than PVA or no binder at all. 
The quality of the analytical data obtained under wet and 
dry plasma conditions showed no significant differences. The 
recoveries were perhaps slightly better under wet plasma 
conditions, but the differences were not large enough to 
confinn the merits of employing a wet plasma for this type 
of calibration. Unlike in previous work, 52 the determining 
factor in this investigation was the difference in sample and 
standard matrix, resulting in variations in ablation yields 
Table 10 Analytical data, using 6SCu as an internal standard element, showing the mean and RSD (%) recoveries using different combinations of 
discs as sample and standard. The data were obtained under 'dry' plasma conditions. The term 'n =' represents the number of analytes quantified 
per calibration. IMEP 14 and GBW 07311 are sediments whilst GBW 07401 is a soil 
Recovery data Recovery data Recovery data 
100% CRM (%) 40% PVA (%) 40% vanillic (%) 
Sample Standard Mean RSD Mean RSD Mean RSD n~ 
IMEP 14 GBW 07311 86 20 82 20 92 22 5 
GBW07401 GBW 07311 135 20 114 53 III 21 14 
GBW07311 IMEP 14 124 19 126 19 117 24 5 
GBW 07401 IMEP 14 146 21 142 63 119 12 5 
GBW07311 GBW07401 76 19 105 46 93 17 14 
IMEPI4 GBW07401 71 18 85 36 85 13 5 
Mean 106 20 109 40 103 18 
Standard deviation 33 23 IS 
RSD(%) 31 21 14 
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Table 11 Analytical data, using 65CU as an internal standard element, showing the mean and RSD (%) recoveries using different combinations of 
discs as sample and standard. In this case the sample and standard have been deliberately chosen to differ in terms of their matrix composition. 
IMEP 14 and GBW 07311 are sediments. GBW 07401 is a soil, whilst NIST 8435 is a powdered milk. The data were obtained under 'dry' plasma 
conditions. The term 'n =' represents the number of analytes quantified per calibration 
Recovery data 
100% CRM (%) 
Sample Standard Mean RSD 
NIST 8435 GBW07311 108 58 
NIST 8435 GBW07401 65 8 
NIST 8435 IMEP 14 93 24 
GBW07311 NIST 8435 113 45 
GBW07401 NIST 8435 121 41 
IMEP 14 NIST 8435 90 69 
Mean 98 41 
Standard deviation 20 
RSD (%) 20 
during the ablation process and not during the vaporisation 
and ionisation processes occurring within the plasma, i.e., 
plasma processes were secondary to the primary ablation 
processes. Here, by using a standardised and strongly absorb-
ing matrix, the total plasma loading did not vary as much 
between samples and standards as when a dried nebuliser 
derived aerosol is used to calibrate the response from a laser 
ablated solid substrate (water is needed in this case to produce 
a single dominant plasma species). 
The advantages of employing an absorbing binder are 
emphasised in Table 9, which shows the analytical data 
obtained by using a sample and standard that differed greatly 
in terms of matrix composition. Once again the vanillic acid 
binder yielded a considerable improvement in data over that 
obtained from the use of discs produced from 100% CRM and 
those produced using PV A as a binder. 
Table 10 and Table II show the data obtained when "Cu 
was employed as an internal standard element. There was a 
vast improvement in the quality of the analytical data from the 
calibrations performed using discs produced from 100% CRM 
and those produced from 40% PV A. This improvement is 
expected since the use of 6Seu as an internal standard element 
corrects for differences in ablation rates between sample and 
standard, which would have been significant when utilising 
100% CRM or the PVA due to differences in target matrix. 
The quality of data did not improve for discs produced using 
vanillic acid since the standardised target matrix offered by 
these discs meant that rates of ablation were similar between 
sample and standard and hence internal standard correction 
was not required. 
Conclusion 
This work has shown that by utilising a binder that absorbs 
strongly at the lasing wavelength of 213 nm, such as vanillic 
acid, rather than a non-absorbing binder such as PV A, 
excellent quality analytical data was obtained without the 
use of internal standardisation. By adding vanillic acid to 
the powdered sample of interest, an approximately three-fold 
gain in sensitivity was achieved over the use ofPVA, leading to 
lower limits of detection and an improvement in quantitation. 
Importantly, the chromophores employed were successful as 
This journal is Cc;) The Royal Society of Chemistry 2007 
Recovery data Recovery data 
40% PVA (%) 40% vanillic (%) 
Mean RSD Mean RSD n-
103 54 120 26 4 
67 17 122 30 4 
92 29 117 12 3 
119 40 75 51 4 
120 41 87 30 4 
91 69 87 11 3 
98 42 101 27 
20 21 
20 20 
binders and produced discs of greater mechanical stability 
than was obtained by pressing the sample alone. 
The data suggest that the mechanism for the increase in 
sensitivity was through the formation of smaller particles 
during the ablation process. Diffuse reflectance data showed 
that a greater absorptivity at the lasing wavelength was 
obtained by utilising vanillic acid as a binder. A greater 
absorption of the laser energy by the sample surface leads to 
a shorter effective penetration depth, as was shown by the 
surface profiiometry. This allows a greater energy density to be 
achieved in the target, leading to the formation of smaller 
particles. Such particles are more efficiently transported to and 
processed by the Iep, leading to an improvement in sensitivity 
and a reduction in plasma based elemental fractionation. 
Employing vanillic acid as a binder introduces a degree of 
matrix matching between sample and standard but, more 
importantly, standardises the absorptivity of the matrix. This 
in turn leads to a standardisation of ablation conditions and 
mass flux to the plasma, which are prerequisites for Tobust 
calibration. Unlike the use of a traditional, non-absorbin'g 
binder, which simply dilutes the sample, this matrix matching 
is accompanied by an increase in sensitivity. The result is a 
substantial improvement in the quality of data obtained when 
using external calibration for LA-ICP-MS. 
The use of absorbing chromophore binders has been shown 
to offer a robust calibration method for the quantitative 
analysis of powdered samples using simple external calibration. 
The data produced would be fit-for-purpose in many practical 
analytical applications. The technique is simple and employs 
commonly available laboratory reagents and equipment. 
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